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General Introduction 
Pitting is a localized form of corrosion of a metal surface. It is confined to a small area 
and takes the form of cavities. Typical pits can be as small as 1 (xm. Despite their small size, 
pits can initiate cracks that induce structure failure. Pitting corrosion is the most common 
corrosion form seen on aluminum and its alloys. The pit surface dissolves rapidly because it 
is free of the protective oxide film which covers the remainder of the metal. Pitting initiation 
has been a research focus in the last decades. Studies of the early stages of pitting may 
furnish important information on the process of pit initiation. These early stages are certainly 
dependent upon local surface defects in the oxide film or the metal. The structural 
characteristics of the oxide or the near-surface metal depend on the material composition, the 
presence and distribution of micro-defects (vacancies, voids, oxide pores, crystallites etc.) as 
well as macro-defects (inclusions and second phase particles). These factors also depend on 
the environmental factors such as electrolyte composition, potential and temperature. 
During the last three decades, there have been numerous models proposed for passive 
film breakdown and pitting initiation. However, there is no complete agreement on the 
mechanism of pit initiation. It is even interesting that the same researchers have proposed 
different models at different period of time, admitting that the earlier work was not fully 
comprehensive and the phenomenon of breakdown is abstruse. 
In their research on pit initiation during anodic etching of aluminum capacitor foil, 
Dr. Hebert's group proposed a simple and reasonable mechanism for pit initiation. Interfacial 
voids are believed to serve as pitting sites in as-received aluminum foils, as well as foils 
subjected to standard etching pretreatments in caustic and acid baths. These pretreatments 
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are used to stimulate pitting, in applications where aluminum is electrochemically etched to 
create a high surface area. Direct evidence for interfacial voids, and for their association 
with pitting sites, was found by positron annihilation measurements coupled with atomic 
force microscopy. 
This work is intended to further clarify the void mechanism for pit initiation, as well 
as explore the chemical composition of oxide defects which may also function as corrosion 
initiation sites It includes two parts which have different research focuses. In first part, a 
modified Poisson-Boltzmann equation was applied to hypothetical pores in aluminum oxide 
films. The presence of nanopores plays prominent roles in several models of pitting 
mechanism. Obtaining knowledge of the composition of the solution inside nanopores is of 
interest from a corrosion perspective. For example, according to various models of pit 
initiation, the presence of chloride ions at the metal surface a necessary condition for passive 
film breakdown. The main purpose is to demonstrate aspects of behavior which may be 
useful for general understanding of nanopores in barrier films. 
In the second part, formation of interfacial voids during dissolution and anodic 
oxidation was investigated. The near-surface metal layer containing voids was anodically 
oxidized, leading to incorporation of the metallic voids in the oxide film. Voids in the film 
were characterized using atomic force microscopy (AFM) and transmission electron 
microscopy (TEM). The investigation of voids in the oxide allowed convenient visualization 
with these techniques, and the results also gave insight into the process of void formation. In 
addition, aluminum foils of different bulk purity were used to study the effect of impurities 
on the void formation. The results of this work will eventually lead to a clear picture of voids 
in aluminum oxide and the mechanism of void formation on a fundamental level. 
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This dissertation is composed of papers ready for submission to Journal of The 
Electrochemical Society. The study of numerical simulation of behavior of a nanopore in an 
aluminum oxide film using a modified Poisson-Boltzmann equation is contained in paper I, 
entitled " Simulation of the Electrical Double Layer in a Nanopore in a Barrier Surface Film 
on Aluminum The investigation of void formation during anodic oxidation is contained in 
paper II, entitled "Behavior of Near-Surface Voids in Aluminum During Anodic Oxidation"; 
The study of effect of impurities on void formation during dissolution is contained in paper 
III, entitled "Effect of Impurities on Interfacial Void Formation on Aluminum During 
Dissolution Processes The style used for each paper follows that of Journal of The 
Electrochemical Society. 
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Literature Review 
Phenomenology of Pitting 
Environmental effects and local chemistry development. - Pitting corrosion will only 
occur in the presence of aggressive anionic species, and chloride ions are usually the cause. 
Numerous efforts have been attempted to establish the interaction of chloride ions with a 
passive film, e.g. if chloride ions are adsorbed on the metal oxide film and/or are 
incorporated in the oxide film1"3. 
Potential - Two important characteristic potentials were found to exist from the 
electrochemical studies of pitting corrosion4"5. 
Pitting potential - The pitting potential of a metal can be defined in a potentiostatic 
polarization curve. When the potential is below the pitting potential the metal surface 
remains passive; when the potential is above it, pitting nucleates on the metal surface. The 
pitting potential can be measured by several techniques such as potentiostatic methods, 
galvanostatic methods, and mechanical surface scratching. 
Repassivation potential - Pits which start to grow at a potential equal to or higher 
than the pitting potential will keep growing even when the potential is lowered below the 
pitting potential. The pits will stop growing only when the potential is lower than a certain 
potential called repassivation potential. 
Induction time - When aggressive anions are injected in the passivating media, at 
constant potential, the metal remains passive for a certain time, and then pitting starts on the 
passive metal, with a noticeable increase in the current density. The time spent between the 
injection of the aggressive anion and the start of pitting is called induction time6. 
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Alloy effects - The alloy composition and microstructure can have strong effects on 
the tendency of an alloy to pit7. In the case of aluminum, it is known that the pitting potential 
is increased by copper and manganese, decreased by zinc, mercury, tin, gallium, and indium, 
and slightly affected by magnesium, silicon, chromium, iron, etc. In alloys, pits usually 
initiate at some chemical heterogeneity at the surface, such as inclusions, second phase 
particles, or solute-segregated grain boundaries. 
Temperature. - Temperature is also a critical factor in pitting corrosion. Many 
materials will not pit at a temperature below a certain value4,8 
Inhibitors for pitting - One important property of pitting processes is that they can be 
inhibited by certain anions present in the aggressive solution. The effect of inhibitors on the 
pitting corrosion was evaluated mainly by measuring the pitting potential. The most 
important inhibitors for aluminum alloys are chromates9'10.It should be noted that many 
inhibitors which are not incorporated into the passive film increase the pitting potential of Al. 
Mechanisms of Pit Initiation 
Various theories have been advanced to understand the processes that lead to the 
initiation of localized corrosion. Complete reviews of the localized corrosion literature can be 
found in the works of Galvele11, Szklarska-Smialowska12"13, Bohni14, Marcus and Oudar15, 
and Frankel16. Theories for film breakdown and pitting initiation have been categorized in 
three main groups: penetration mechanism, a film breaking mechanism, and adsorption 
theories. There are still several other mechanisms of pit initiation which cannot be identified 
totally to any of above groups. 
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Adsorption and adsorption-induced mechanism Several authors, including Uhig and 
co-workers 17"19, Kolotyrkin20, and Hoar and Jacob 21, proposed concepts based on either 
competitive adsorption or surface complex ion formation. In the case of competitive 
adsorption CI" anions as well as passivating agents are adsorbed simultaneously. Above a 
critical potential CI" adsorption is favored and breakdown of passivity occurs. Support for 
this concept was gained by experimental results on the inhibiting action of various anions. 
The mechanism may be consistent with localized attack, since adsorption and displacement 
will probably occur at discrete sites such as lattice defects and dislocations, but the 
occurrence of induction times varying with passive film thickness cannot readily explained 
22 
The formation on the film/solution interface of CI containing complexes which are 
more soluble than the complexes formed in the absence of halides, leading to a locally 
thinned passive layer, was originally proposed by Hoar and Jacob21. Heusler and Fischer23,24 
and Strehblow and co-workers25,26 have considered this mechanism in detail and with more 
experimental support. To explain the effect of adsorbed halides, especially CI ions, Sato27 
proposed a somewhat different mechanism for breakdown of passive films. His theoretical 
concept is based on the potential-dependent transpassive dissolution depending on the 
electronic properties of the passive film. 
Penetration mechanism According to the penetration theory originally presented by 
Hoar et al.28, the aggressive anions adsorbed on the oxide film enter and penetrate the film 
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when the electrostatic field across the film/solution interface reaches a critical value 
corresponding to the critical breakdown potential. 
Experimental results, including induction time measurements on iron and nickel in CI 
- containing electrolytes, show clearly that the observed induction periods are smaller by 
orders of magnitude than the estimated values, based on high-field-strength transport 
mechanisms for the migration of aggressive anions through the passivating oxide film29. 
Furthermore, it is difficult to explain pitting of iron by SO42" or CIO4" 30 or of aluminum in 
NO3" -containing solutions 31 with this theory. For these ions, penetration through an oxide 
lattice is not probable because of their large diameters, but nevertheless small induction 
times have been observed 30. Surface analytical studies of iron by Auger spectroscopy do not 
support the penetration theory 32"33. These results indicate that chlorides are not incorporated 
in the oxide film, in contrast to other observations of Augustinsky and co-workers 34"36. 
A related model is an outgrowth of the point-defect model. Macdonald and coworkers 
developed to describe passive film growth by the movement of point defects under the 
influence of an electric field.37 The point defects include electrons, holes, and metal and 
oxide vacancies. This model assumes that the chloride ions incorporate to the passive film by 
occupying anion vacancies. This results in a decreased concentration of anion vacancies and 
an increase in the concentration of cation vacancies. These cation vacancies can build up at 
the metal/oxide interface and finally condense, and then a void will be formed as the first 
step in the pitting process. 
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Mechanical film breakdown theories In 1971 Sato 38 proposed a breakdown 
mechanism for anodic films, starting from thermodynamic considerations. He showed that 
thin films always contain a significant film pressure mainly due to electro-striction: 
where P is the film pressure, P0 is the atmospheric pressure, s the dielectric constant 
within the film, E the electric field strength, y the surface tension of the film, and L the 
film thickness. An approximate calculation of the électrostriction pressure in anodic films 
with an electric field strength ~ 106 V/cm gave pressure values larger than 1000 kg/cm2, so 
that metal oxides or hydroxides with a critical compressive stress for breakdown of 100-1000 
kg/cm2 could easily deform or break. According to Sato's électrostriction hypothesis, both 
the surface tension of the film and the film thickness have a pronounced influence on film 
pressure. A decrease in the interfacial tension increases the film pressure and then facilitates 
breakdown. Sato also proposed that adsorption of chloride ions, depending on their 
concentration, greatly reduces the surface tension. 
Sato 39 also presented a different model: electrocapillary breakdown of passive film 
by the formation of a through-going pore. Hoar40 assumed that in contact with an aggressive 
electrolyte, the passive film becomes mechanically stressed and damaged by pores and flaws 
because of the result of some changes in the interfacial forces. 
Mechanism of electrical breakdown of the passive film Passive films on some metals 
have semiconducting properties. Several researchers have tried to correlate the intrinsic 
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properties of oxide films with pitting susceptibility, studying the semiconductive properties 
of oxides using AC-impedance and photoelectrochemical techniques.41"43 For example, 
illumination influences pitting corrosion, usually causing inhibition; the pitting resistance 
increases with an increasing band gap energy; metastable pits form above the flat-band 
potential44 So it is logical to presume that semiconductive properties influence breakdown 
of a passive film. 
Szklarska-Smialoska45 proposed that nucleation of pits occurs by electrical 
breakdown, probably by the Zener mechanism. Creation of a very high current locally 
destroys the passive film and causes the dissolution of the metal forming metastable or stable 
pits. This model explains several experimental observations. 
Numerous investigations have been devoted into the study of pitting corrosion for 
several decades. Due to its complexity, the mechanism of pitting initiation is not yet well 
understood. It is obvious that until now none of the theories is generally accepted. 
Evidence for Defects in Oxides 
It is an established fact that a thin compact oxide film forms naturally on aluminum in 
air and it is observed to be amorphous. Such films can be thickened by anodizing. Anodizing 
is film growth by application of anodic potential or current in an electrochemical cell. 
Different anodizing conditions can give different oxide film structures. For example, if 
grown in a borate and tartaric acid solution the anodic films are thin, dense, coherent, and 
amorphous, and are called barrier oxides; if grown in a number of acid solutions (sulphuric, 
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phosphoric acid, etc.), the films formed on aluminum are thick, porous and crystalline, and 
are called porous anodic films. 
Numerous studies have been devoted to the investigation of defects (pores) in anodic 
and natural aluminum oxide films and possible structure changes during film growth. 
Cathodic polarization of aluminum strongly enhances the number of pit sites, possibly 
because it forms defects in the oxide film 46. Lin and Hebert47 used the electrochemical 
quartz crystal microbalance (QCM), together with infrared spectroscopy and capacitance 
measurements, to investigate the film at cathodic potentials. They concluded that the original 
film undergoes a structural transformation through which its electrical resistance diminishes 
greatly. The film after cathodic polarization is likely porous based on the deuterium exchange 
experiment by Lin 48, and film conductance measurements using the QCM49. Wang and 
Hebert50 investigated the structure change of oxide film on aluminum due to cathodic 
charging using transient electrochemical measurements. They found a decrease of the inner 
pore-free layer thickness and an increase of porosity of the outer porous layer. They 
attributed this change to the growth of pores in the outer portion of the initial film. Takahashi 
et al51 also found pits form during cathodic polarization and provided evidence for the 
formation of pores. 
Early work on flaws in anodic films include that of Vermilyea52, Alwitt53, and 
Young54. Vermilyea reported the existence of flaws in oxide films formed upon tantulum, 
niobium, and ziroconium. Alwitt reported flaws in barrier-type anodic oxide films formed on 
aluminum. Young suggested the presence of micro fissures in NbzOs and AI2O3 films to 
account for the frequency-dependent capacitance of such films. 
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With the help of the modern analytical techniques like ultramicrotomy, ion-beam 
thinning techniques, transmission electron microscopy (TEM), atomic force microscopy 
(AFM), etc., Wood, Thompson and their Manchester group have extensively investigated 
flaws and worked to enable the visualization of pore structure development in anodic 
alumina55"58. They classified flaws into two types: residual flaws and mechanical flaws. 
Residual flaws are caused by copper rich or iron rich segregates, interfering with oxide 
growth above and around them; mechanical flaws are produced by relief of stresses in the 
film due to oxide formation over mechanical surface defects such as scratches and voids. Air-
formed films contain many mechanical flaws. Anodic films contain fewer mechanical laws 
but the residual flaws produced at impurity segregates tend to persist in thick barrier type 
films and are only overgrown gradually. However, the distinction between these two types of 
flaws is not entirely clear. 
Brown et al 59,60 examined the morphology, structure and mechanism of growth of 
chromate chemical conversion coating on aluminum by TEM of stripped films and 
ultramicrotomed sections combined with EDS analysis. For annealed, high purity aluminum 
specimens59, they found preferential deposition of hydrated chromium oxide at submicron 
ridges on the surface, which were believed to be associated with grain boundaries or cellular 
boundaries. Such boundaries are thought to contain flaw sites due to impurity segregation in 
the substrate. These segregates were proposed to act as cathodic sites. The anodic sites lie 
between the metal ridges. 
Xu et al61 studied the interaction of chromate species with aluminum supporting air-
formed and anodic films. They showed clearly the initial penetration of electrolyte species 
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into the anodic film material. Evidence of uneven thinning was also provided, but the initial 
process appears to be local, finely distributed penetration of the anodic film material. 
Graham et al 62 found that oxides formed on pure aluminum above 450°C consist of 
an outer amorphous AI2O3 film above Y-AI2O3 islands which form at the oxide/metal 
interface and protrude into the metal. These results provide strong evidence that oxygen 
anion transport proceeds rapidly via local channel with some oxygen exchange in the 
amorphous AI2O3 film. 
The above research works demonstrate evidence that there are flaws or pores in oxide 
films. It is possible that these flaws can serve as sites for breakdown of oxide films leading to 
pit initiation. The information on defects in oxides is very important for the study of 
corrosion process, especially at its initial stages. 
Recent Work in This Group 
Recent research 63-66 in this group has provided mechanistic insight into fundamental 
processes governing pit initiation during anodic etching of aluminum capacitor foil. 
Doppler-broadening Positron Annihilation Spectroscopy (PAS) was used to identify 
microvoids of the oxide-metal interface in aluminum foils, either in the as -annealed 
condition or after sodium hydroxide or phosphoric acid dissolution. Cavities of 50-100 nm 
were viewed by Atomic Force Microscopy (AFM) after the thin oxide film was chemically 
stripped in a chromic-phosphoric acid bath. The relationship of the cavities to P AS-detected 
voids was explored. The cavity geometry and distribution were compared with the defect 
layer model parameters. The average cavity depth from AFM, and the thickness of the 
defect-containing metal layer found from PAS were nearly the same, independent of the 
NaOH dissolution time. Also, the model defect layer S parameter, which is 
semiquantitative^ related to the void volume in the defect layer, and the fractional cavity 
surface coverage from AFM, showed the same dependence on dissolution time. These 
quantitatively comparable characteristics showed that surface cavities viewed with AFM are 
closely related subsurface voids detected by positrons. It was suggested that cavities result 
from metal dissolution when voids are exposed on the surface during the stripping treatment. 
In addition, cavities were found to have similar morphology, size, and surface distribution as 
those pits produced by anodic etching. These results are evidence that etch pits initiate at 
interfacial voids, apparently after dissolution of the overlying material in the etchant bath. 
The positron measurements also show that the internal surface of the voids is oxide-free, 
which suggests that the void surface is highly reactive and would begin to dissolve as a pit 
when the thin layer of material overlaying the void is removed by uniform corrosion. 
This recent research suggests direct evidence that subsurface metallic voids function 
as pit initiation sites. Subsurface defects have not been considered previously in the 
corrosion science literature, which has exclusively focused on oxide defects and oxide 
breakdown in efforts to understand pitting initiation. 
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Positron Annihilation Spectroscopy 
Positron Annihilation Spectroscopy (PAS) is a relatively new method of material 
structure analysis. Its basic principles are briefly introduced here to have a better 
understanding of the experimental results in this paper. General reviews of PAS are found in 
References.67-68 
The positron, the anti-particle of electron, has a mass and spin that are identical to 
those of electron but a charge and magnetic moment that are opposite. It is stable in vacuum 
but in condensed matter normally annihilates with an electron with the emission of two back-
to-back gamma photons with a lifetime of ~10-9s. The basic principle of Positron 
Annihilation Spectroscopy (PAS) lies on the fact that these annihilation gamma photons 
carry information on the electronic environment at which the positron annihilates. The most 
frequently used source of positrons is the radioisotope is 22Na, which has a 2.6 year half life 
and which is commercially available in aqueous form. 22Na emits a 0.545 MeV endpoint 
energy positron simultaneously with a 1.28 MeV gamma photon. These positrons are 
implanted into the material under investigation. If neutral or a negatively charged open 
volume defects exist in the material, the positron has a finite probability of getting trapped by 
the potential well that forms as a result of the absent repulsive ion core. The rate of positron 
trapping into different kinds of open volume defects can be modeled by two different 
approaches, namely those of diffusion limited trapping and transition limit trapping. 
Diffusion limited trapping is applicable for those positron-trapping centers having a large 
trapping cross section (for example, dislocation, void, etc.) and thus the trapping rate is 
dominantly determined by positron diffusion. 
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The trapping rate ko is proportional to the defect concentration cd, allowing one to 
write 
kD=mD*CD (2) 
where mo is referred to as the specific positron specific trapping rate (or the positron 
trapping coefficient). The positron-trapping coefficient is a function of the defect charge state 
and the temperature. PAS cannot detect positively charged vacancies, since trapping into 
such defects is prohibited due to Columbic repulsion. For a neutral vacancy, the trapping 
coefficient mD0 is ~1015 s"1 and is independent of temperature, while for a negatively charged 
vacancy mo- is ~1016 s"1 with a T0 5 temperature dependence. 
Experimental techniques based on positron annihilation include positron lifetime 
spectroscopy and Doppler broadening spectroscopy. 
Positron lifetime spectroscopy - Lifetime spectroscopy is a powerful technique in 
defect studies, because the various positron states appear as different exponential decay 
components. The number of positron states, their annihilation rates and relative intensities 
can be determined. In a positron lifetime measurement, one needs to detect the start and stop 
signals corresponding to the positron entrance and annihilation times in the sample, 
respectively (Fig. 1). A suitable start signal is the 1.28 MeV photon accompanying the 
positron emission from the 22Na isotope. The 511 keV annihilation photon serves as the stop 
signal. 
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Fig.l Schematic figure of positron experiment, where positron is implanted into a sample 
from 22Na source. The positron lifetime is determined a time difference between 511 KeV 
annihilation photons and a 1.28 MeV photon emitted together with a positron from 22Na. The 
Doppler shift AE and the angular deviation 0 result from the momentum of the annihilating 
electron-positron pairs. 
The standard lifetime spectrometer consists of start and stop detectors, each of them 
made by coupling a fast scintillator to a photomultiplier. The timing pulses are obtained by 
differential constant-fraction discrimination. The time delays between the start and stop 
signals are converted into amplitude pulses, the heights of which are stored in a multichannel 
analyzer. About 106 lifetime events are recorded in one hour. The experimental spectrum 
represents the probability of positron annihilation at time t and it consists of exponential 
decay components: 
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= [-!,<] (3) 
where «(/) is the probability of positron to be alive at time t. The decay constants 
Àt = 1 / ri are called annihilation rates and they are the inverses of the positron lifetimes r,. 
Each positron lifetime has the intensity of /,•. In practice the ideal spectrum of Eq. (3) is 
convoluted by a Gaussian resolution function which has a width of 200 - 250 ps (full width at 
half maximum, FWHM). The positron lifetimes can be used to infer the defect type and size, 
and the corresponding intensities are related to their concentrations. 
Dovvler broadening spectroscopy - The Doppler broadening spectroscopy is often 
applied especially in the low-energy positron beam experiments, where the lifetime 
spectroscopy is usually very difficult due to the missing start signal. These experiments focus 
on surface and near-surface open-volume defects, as opposed to the bulk defects typically 
investigated using lifetime spectroscopy. The motion of the annihilating electron-positron 
pair causes a Doppler shift in the annihilation radiation (Fig. 1) 
AE = ^cPl (4) 
where pL is the longitudinal momentum component of the pair in the direction of the 
annihilation photon emission. This causes broadening of the 511 keV annihilation line (Fig. 
2). The shape of the 511 keV peak then gives the one-dimensional momentum distribution 
p( p, ) of the annihilating electron-positron pairs. A Doppler shift of 1 keV corresponds to a 
momentum value of pL =3.91 x 10"3 mOc. 
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Fig.2 The broadening of the 511 keV annihilation line due to the Doppler shift in the 
annihilation radiation. 
The annihilation radiation lineshape is characterized by two parameters S and W. The 
S parameter (shape parameter) is defined as follow: 
T 
(5) 
where C is the number of counts in a defined central window and T is the total line counts. S 
is sensitive to the lower momentum valance electrons in the sample, which typically populate 
open-volume defects. It is often referred as the " valance electron parameter." The W 
parameter (wing parameter) is defined as : 
W = ( A  + A )  (6) 
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where Ai and A2 are the counts in symmetric placed windows on the low and high energy 
sides of the annihilation line (Fig.3). W is sensitive to core electron annihilation and is thus 
sensitive to the chemical environment at which the positron annihilates. Open-volume defects 
have low W values due to the absence of core electrons within the defects. Since the beam 
energy E determines the mean implantation depth, the The values observed for S(E) and 
W(E) may be approximated as resulting from positrons annihilation in a finite number of 
layers at different depths. 
0 10 20 30 
ELECTRON MOMENTUM , 10"' t 
Fig.3 Positron-electron momentum distribution . The lineshape parameters S and W are 
defined as integrals of the shaded areas in the figure. 
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Atomic Force Microscopy (AFM) 
The atomic force microscope (AFM), or scanning force microscope (SFM) was 
invented in 1986 by Binnig, Quate and Gerber. A detailed general knowledge of AFM can 
be found at Digital Instruments' website. 
In AFM, a probe consisting of a sharp tip (nominal tip radius on the order of 10 nm) 
located near the end of a flexible cantilever beam is raster scanned across the sample surface 
using piezoelectric scanners. Changes in the tip-sample interaction force cause the cantilever 
to be defected. The deflection is monitored using an optical lever detection system, in which 
a laser beam is reflected off the cantilever and onto a position-sensitive photodiode. During 
scanning, a particular operating parameter (e. g. the deflection or tip-sample force) is 
maintained at a constant level, and images are generated through a feedback loop between 
the optical detection system and the piezoelectric scanners. For a scanning stylus atomic 
force microscope, the probe tip is scanned above a stationary sample, while in a scanning 
sample design, the sample is scanned below a fixed probe tip. An AFM system of the latter 
design was used in the present work. 
Applications of AFM and other types of scanning probe microscopy continue to grow 
rapidly in number and include biological materials (e.g., studying DNA structure), polymeric 
materials (e.g., studying morphology, mechanical response, and thermal transitions), and 
semiconductors (e.g., detecting defects). AFM can be utilized to evaluate the surface quality 
of products such as contact lenses, optical components (mirrors, beamsplitters, etc.), and 
semiconductor wafers after various cleaning, etching, or other manufacturing processes. 
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Three imaging modes, contact mode, non-contact mode, and intermittent contact or 
tapping mode, can be used to produce topographic images of sample surfaces. Contact mode 
was used exclusively in the present work. In contact mode, the probe is essentially dragged 
across the sample surface. During scanning, a constant bend in the cantilever is maintained. 
A bend in the cantilever corresponds to a displacement of the probe tip, zt, relative to an 
undetected cantilever, and the applied normal force, P = kzt, where k is the cantilever spring 
constant. As the topography of the sample changes, the z-scanner must move the relative 
position of the tip with respect to the sample to maintain this constant deflection. Using this 
feedback mechanism, the topography of the sample is thus mapped during scanning by 
assuming that the motion of the z-scanner directly corresponds to the sample topography. To 
minimize the amount of applied force used to scan the sample, low spring constant (k < 1 
N/m) probes are normally used. However, significant deformation and damage of soft 
samples (e.g., biological and polymeric materials) often occurs during contact mode imaging 
in air because significant force must be applied to overcome the effects of surface 
contamination (e.g., adsorbed moisture). The combination of a significant normal force, the 
lateral forces created by the dragging motion of the probe tip across the sample, and the small 
contact areas involved result in high contact stresses that can damage either the sample or the 
tip or both. To overcome this limitation, contact mode imaging can be performed within a 
liquid environment, which essentially eliminates problems due to surface moisture, so that 
much lower contact forces can be used. In fact, the ability to image samples in a liquid 
environment is often a desirable capability of AFM, but in some cases it might not be 
practical or feasible. Also, working with liquid cells for many commercial AFM systems can 
be tricky, particularly avoiding spills and leaks that introduce liquid into the scanners. 
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ABSTRACT 
Nanopores in protective oxide films have been considered as sites for film 
breakdown. An example system of a nanopore in an oxide film on aluminum was simulated 
using a modified two-dimensional Poisson-Boltzman equation, which incorporated field-
dependent dielectric constant and solvation energy effects. The bulk solution contained 
sodium chloride and sodium borate; borate ions are representative of anions which strongly 
adsorb on aluminum oxide. The effects of pore geometry and axial field on pore composition 
were explored, as well as those of pH and borate concentration. The effects are found to be 
significant especially when the pore radius is less than the Debye screening length of the 
electric double layer. In this case, the potential distribution and composition of the pores are 
controlled by ionic adsorption on the walls, and are weakly influenced by the potential drop 
through the surface film. Anion adsorption on the pore walls, even when the adsorbing ion is 
at very low concentration, can significantly block chloride ions from entering into the pore. 
Since chloride ions are required for corrosion initiation, this effect suggests a corrosion 
inhibition mechanism for such adsorbing anions. 
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INTRODUCTION 
Thin surface films, such as metal oxides or polymers, function as barriers protecting 
materials from corrosion. Pore-type defects in such films, which can only be a few nm in 
thickness, have been proposed as sites of localized breakdown leading to corrosion. For 
example, nanometer-scale "flaws" in aluminum oxide films have been detected with electron 
microscopy, and have been proposed to act as conductive paths and as sites of pitting 
corrosion initiation1"4. Also, it has been suggested that oxide film breakdown is due to 
localized dissolution of the film by chloride ions5. Hence, pores may appear at intermediate 
stages in the breakdown process. Localized conduction paths in resistive films may be 
detected with transient electrochemical techniques such as impedance spectroscopy, but these 
methods have not provided evidence for such nanoscale pores in oxide films. However, this 
does not necessarily preclude their presence, because only a small number of pores would be 
required to explain typical pit number densities. 
If pores in barrier films play a role in breakdown, the chemical composition of the 
pore solution should control the initiation or progress of breakdown. For pores with widths 
on the order of the Debye length or smaller (~ 1-10 nm), the pore solution may not be 
electrically neutral6, and its composition would be strongly influenced by the potential drop 
across the film, as well as the adsorbed charge on its surface. For example, extensive 
adsorption of anions on the pore walls may set up an electric field in the pore inhibiting the 
entry of other anions into the pore solution. For the case of surface oxide films, anions 
tending to adsorb strongly on the oxide may reduce the pore solution concentration of 
chloride ions, which typically adsorb strongly on metal but weakly on oxide surfaces. Since 
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chloride ions strongly promote pit initiation, this effect may explain how anions which 
strongly adsorb on metal oxides are found to act as inhibitors for pitting. 
Experimental investigations of the composition of nanopores in polymer membranes 
have been reported7'8, but these measurements were facilitated by the very high number 
density of pores. For barrier films on electrodes, there would generally be too few pores to 
permit measurements of their composition. Thus, theoretical studies can potentially play a 
role in achieving progress toward understanding breakdown mechanisms involving 
nanopores. For membranes, simulations of pore solutions in membranes have been carried 
out using a modified nonlinear Poisson-Boltzmann equation, which has yielded very good 
agreement with these measurements 9,l°. The modifications were the use of an electric field-
dependent dielectric constant, and accounting for the effect of the local dielectric constant on 
the ionic potential energy. The present work applies this model to pores in barrier films, 
specifically to hypothetical pores in aluminum oxide films. The bulk solution contains 
sodium chloride and sodium borate, the latter species which adsorbs strongly on aluminum 
oxide. 
To our knowledge, this is the first time a modified Poisson-Boltzmann model has 
been applied to pores with a two-dimensional potential distributions and with potential-
dependent ionic adsorption on the pore walls. The two-dimensional simulation accounts for 
an axial electric field, and adsorption of both hydrogen and borate ions on the pore walls. 
The effects of pore geometry and axial field on pore composition are explored, as well as 
those of pH and borate concentration. This particular system was chosen because adsorption 
of both protons and borate on aluminum oxide can be quantitatively characterized. The main 
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purpose, though, is to demonstrate aspects of behavior which may be useful for general 
understanding of nanopores in barrier films and their roles in corrosion. 
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MATHEMATICAL MODEL 
The relationship between the electrostatic potential and space charge in the electric 
double layer is governed by the Poisson-Boltzmann equation, 
where Uj is the potential energy of ion i. In the original Gouy-Chapman theory, the ions are 
viewed as point charges whose potential energy is determined only by the potential (|), and the 
dielectric constant K is constant at its bulk value (Kb). The present model provides 
corrections for the dependence of K on electric field and ion hydration effects, through which 
the ionic potential energy depends on the local dielectric constant. The same model has been 
used to successfully describe ion partitioning and transport in Nation ion exchange 
membranes 11,12, and has been explained elsewhere in detail13'14. The model equations are 
described briefly here in their application to pores in surface films. 
At high electric fields greater than 2 x 105 V/cm, the dielectric constant can be 
expressed in terms of the electric field magnitude E 15, 
[1] 
The space charge p is calculated according to the Boltzmann distribution, 
[2] 
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K = n2 +(Kt-n2)(^)[coth(|iE)-^] [3] 
where R = (n + 2) The decrease of dielectric constant with E is due to alignment of the 
K 2kT 
water dipoles with the field. This alignment also increases the electrostatic potential energy 
of ions in solution, since it interferes with the ability of the water dipoles to orient radially 
around individual ions. An expression for the ionic potential energy in terms of the local 
dielectric constant was obtained by Gur et al.16, 
Ui = zie(l) + "~!" [4] 
zV 
where A; = —!—. The first term is the energy of the ion as a point charge, and the second 
8 rare 0 
is the hydration energy. Thus, the Poisson-Boltzmann equation with variable K and 
hydration energy effects is 
s0V -(KV<()) =-^giziFcibexp z;ed) A: 
/ 
1 
\ 
1 
kT kT _ K b J  
[5] 
The factor gj has the value zero at points closer to the pore wall than an ionic radius, and one 
elsewhere. Thus, there is a non-electrostatic hard-sphere potential contributing to the 
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interaction of ions with the wall; the electrostatic component of the ion-wall force is 
described below. 
The domain of the model calculations is the interior of a cylindrical pore in a surface 
film, which is open on one end to a solution containing ions with bulk concentrations Cjb. 
These ions are in equilibrium with the ions in the pore solution and those adsorbed on the 
pore walls. The electric field at the pore opening is calculated from the diffuse double-layer 
capacitance Cd17, 
KE„|!tU=C> [6] 
oz 
zF À 
where Cd = —- -cosh(——). Here, X is the Debye length, and z is the charge number of the 
X 2RT 
predominant electrolyte ions in the bulk solution. This boundary condition is necessary 
because when the pore radius is smaller than X, the pore solution charge may not fully 
compensate the charge on the pore walls, resulting in a diffuse ionic space charge outside the 
pore entrance. The capacitance of this space charge is approximated by Q. At the pore 
bottom (z = L), the value of the potential is specified as V0. V0 is the substrate potential, 
corrected for the potential drop through any film material between the substrate and pore 
bottom. 
The electric field normal to the pore sidewall is determined by the adsorbed charge 
density, according to Gauss's Law, 
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d(J) | 
ôr 
[7] 
where as includes contributions from all the adsorbed ions. According to adsorption 
equilibria (see below), the surface coverage of ion i varies with z, since it is determined by 
both its bulk concentration and the local value of <|> on the pore wall. The boundary condition 
for the potential along the pore axis is radial symmetry. 
Adsorption model.- Alwitt18 found that in the presence of borate species the pzc of 
hydrous aluminum oxide shifted to more acidic values. This experimental result was 
interpreted as evidence for the specific adsorption of borate anions, both the monomer 
B(OH)4 and the cyclic trimer B303(0H)~. The experimental dependence of the pzc on 
borate concentration is used here to formulate a model for adsorption of borate. 
Four adsorption reactions are assumed to describe the specific adsorption of protons 
and borate ions: 
I- I 
SOH2~ +H+ <*SOHf [8] 
1 5 
SOHt + 2X~ <=> SOHXf [9] 
1- 5 
SOH2 +2Y~ <a SOHY2T [10] 
1 3_ 
SOHt + Y~ o SOH2Yt [11] 
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Here, SOH 2  is a reactive fixed charge site at surface. X denotes borate anion B(OH) 4 ,  
and Y~ denotes B303 (OH)~. Equation 8 has previously been used to model H+ adsorption 
on aluminum oxide 19. Eqs. 9-11 were found to be necessary to precisely model the pzc -
borate concentration data in Ref. 18. 
For each reaction, its equilibrium can be expressed in term of ion activity, standard 
chemical potential and electrical potential at the interface. For example, the equilibrium of 
adsorption of H+ at the site SOH2 and formation of SOH% can be described: 
= exp< - '—l > exp 
a,a„ RT 
s H ^ x RT 
= Aexp - [12] 
K1 . \ 
The activities of these species are a H ,  a s  and a,, respectively. /?, is the adsorption 
equilibrium constant. 
With the equilibrium equations, the fractional coverage 6i for each adsorbent i and 9S for 
the fixed charged sites S at surface can be obtained. The activity of i on the oxide surface is 
expressed by (equation relating activity on surface to fractional coverage). Then the surface 
charge density can be expressed as follow: 
a = eFN,{-\e, +\e, -|e2 -|e4) [13] 
The adsorption equilibrium constants pi can be determined by fitting the pH values at the 
point of zero charge (pzc) for different borate concentrations with the experimental data of 
Alwitt. 
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Numerical solution.- The model equations were solved numerically using the finite-
difference method. The Poisson-Boltzmann equation in finite-difference form was obtained 
following procedures outlined previously20, 
80 (Az)2 
1 
+ 
2i(Ar j 
K i  j + J ( i . j + i  - K i  - 1  "  k j )  
Kj+i .fyuii - - i,j) 
Ki+i,j(k+U ~ W" ~ 
[14] 
i and j are indices of grid points in the r and z directions, respectively. The values of the 
dielectric constant at the half-grid points in Eq. 8 were determined from Eq. 3, evaluating the 
electric field magnitude with central difference formulas. For example, 
= 
1 / 2  
A (k+u - kj) +7^r(<l)i,j+i - kj) [15] 
Since the expressions for the charge density (right side of Eq. 5) and the dielectric 
constant (Eq. 3) are nonlinear, an iteration scheme was used to solve the finite difference 
equations. In each iterative solution of Eq. 8, p and K were evaluated using § from the 
previous iteration. As in previous numerical solutions of the Poisson-Boltzmann equation21, 
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successive over-relaxation was used to accelerate convergence. Prior to the first iteration, the 
potential was set to increase linearly in the z-direction with a small positive slope. 
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RESULTS AND DISCUSSION 
Comparison with Monte Carlo simulation.- The classical P-B equation ignores ion 
size and thus their mutual correlation. Though the modified P-B models have treated ion-
wall interactions with a hard core, they still ignore the ion-ion core interaction 13'14. Also the 
P-B model ignores the columbic electrostatic force between individual ions, in that it treats 
the ion-ion electrostatic force as between a point charge and a continuum. Both ion-ion 
electrostatic and hard-core interactions are significant as the concentration is increased. The 
Grand Canonical Monte Carlo (GCMC) method has proved to be very useful in studies of the 
electrical double layer. Monte Carlo computer simulations can address ion-wall and ion-ion 
interactions. 
Monte Carlo simulations have been carried out for electrolytes in nanopores, and the 
results have demonstrated partial exclusion of ions from the nanopores 6'22"24. In some cases 
6
'
23
, exclusion has been interpreted in terms of an ion size effect, which would not be 
captured by the present model, in which ions are modeled as point charges. In this section, 
the results of the modified P-B simulation are compared with GCMC simulations. This 
comparison will assess the importance of ion size effects and hence determine whether 
realistic simulations of nanopores with the present model can be expected. 
Sorenson et al22 performed Grand canonical MC simulation for dilute to moderately 
concentrated restricted primitive model electrolytes (1:1) in equilibrium with spherical 
micro-pores with radii from 1.5 to 10 times the ionic diameter. This is a simple system for a 
careful GCMC study. They investigated non-neutrality in these charged spherical pores. For 
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purpose of comparison, the Poisson-Boltzmann equation discussed in the model section was 
modified to treat a 1-D spherical pore. Thus Eq.5 became 
The boundary condition at the pore surface r = R was obtained by application on Gauss's 
Law, 
where the electric field in the pore wall was evaluated using the solution for Laplace's 
equation outside the pore, n the calculation, a surface charge of one electron was assumed to 
be uniformly distributed over the pore wall. Ions inside pores were in chemical equilibrium 
with bulk external solutions. The dielectric constant K was treated as uniform, since the same 
assumption was made in the GCMC simulation. 
Fig.l shows the calculation results of ion occupation numbers inside the pores. 
Diluted bulk solution (0.0848 M) was selected in this calculation. Pore size is described as t 
= ( — - — ), where a is the ion diameter, T represents the radius of available spherical volume 
a 2 
scaled by the contact distance. Fig.2 shows the results for a moderately concentrated solution 
(0.784 M). All the above results show that the solution of Poisson-Boltzmann equation 
agrees with the GCMC very well. This indicates the modified P-B model can reasonably 
describe the electrical double layer in such a small region, and thus electrostatics is the 
dominant factor determining the ion occupation number in the pores. 
[16] 
d<p I | ( i (R)  _  Q",  
dr R Ks0 
[17] 
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Fig.l Comparison of grand canonical Monte Carlo (GCMC) simulation and modified Poisson-
Boltzman solution in the calculation of ion occupation in charged spherical pores for a diluted 
bulk solution (0.0848 M). a) cation; b) anion. 
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Fig. 2 Comparison of grand canonical Monte Carlo (GCMC) simulation and modified Poisson-
Boltzman solution in the calculation of ion occupation in charged spherical pores for a 
moderately concentrated bulk solution (0.784 M), a) cation; b) anion 
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Neutral Solutions without Adsorbing Anions.- The calculations were performed for 
a nanopore in an oxide film filled with sodium chloride and sodium borate. The main purpose 
is to investigate the effects of pore geometry and pore wall adsorption on the solution 
composition. Most parameters in the calculations have been assigned typical values which 
are shown in Table 1. This section deals with bulk solutions free of adsorbing anion except 
hydrogen ions. The pH of the solutions is set at 7. The effects of variable pH and borate 
anion adsorption, both of which can alter the pore wall surface charge, are discussed in the 
next section. 
Table 1 Model input parameters 
Pore length (nm) 3 
Pore radius (nm) 0.5, 1.0,2.0,3.0 
Potential at pore base (V) 0.1,0.5 
Borate concentration (M) 0.0, 0.75,0.01, 1.0 
Bulk solution pH 3.0, 5.0 7.0 
Bulk electrolyte concentration 0.1 
Adsorption site density (nm-2) 1.1 
Figs. 3-5 illustrate the calculation results for a pore with radius of 2 nm and length 3 
nm. The bulk concentration of sodium chloride is 0.1 M. The potential applied to the pore 
bottom is 0.5 V. Fig.3 shows the two-dimensional distribution of the potential. According to 
Fig.3, 80% of the potential drop occurs within about 0.6 nm of the pore bottom. Fig. 4 
compares the electrical potential profile at pore wall and pore center, for both variable and 
constant relative permittivity. The calculations demonstrate that using the variable relative 
permittivity can lead to steeper potential drop within a small distance of the bottom. For the 
region far away from the pore bottom, the relative permittivity is approximately at its bulk 
value because of the low electric field. Hence, there is no significant effect of variable 
permittivity on the potential profiles at these locations. 
Shown in Figure 5 is the computed anion concentration profile for the same 
conditions as in Figure 3. The concentrations obtained by the unmodified Poisson-Boltzmann 
equation are unrealistically high, exceeding 100 M. In fact, ions are excluded from the high-
field region because the solvent dipoles are uniformly polarized perpendicular to the surface. 
This solvent orientation reduces the ionic hydration energy, and is taken into account by the 
model with variable permittivity. Due to the introduction of hydration forces in the ionic 
potential energy in this model, along with the use of variable relative permittivity, the 
prediction of unrealistic high ion concentrations near the pore bottom is avoided. 
Figs. 6 and 7 show the effect of pore size on the potential profiles. Fig.6 shows 
potential profiles along pore axis for pore radii from 0.5 to 3.0 nm. Aside from the variable 
radius, the conditions are otherwise the same as in Figs.3-5. Near the pore bottom (z > 2.5 
nm), the potential increases rapidly with z, and there is little variation with pore radius. For 
the region away from pore bottom (z < 2.5 nm), the potential depends weakly on z but 
increases with decreasing pore radius. The steep profile in the z direction is due to the 
variable permittivity, as explained above. The effect of pore radius on the potential profile is 
significant for pores with radii 2 nm or smaller. The reason is that if the pore radius is 
comparable to or smaller than the Debye length, the ionic space charge due to the wall 
surface charge will determine the potential profile inside the pore, except in the region near 
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the bottom. Near the pore bottom, the potential profile is dominated by the boundary 
condition at the pore bottom, especially when the potential applied is relatively high. 
x 
x. 
X 
I X  
X 
0.5 
r (nm) 
h 0.4 _ 
> 
0.3 13 
1 
0.2 S Cu 
0.0 w 
z (nm) 
0 
Fig. 3 2-D distribution of electrical potential inside a pore with radius 2 nm (variable relative 
permittivity, pH=7, Co=0.1 M, Vq=0.5 V, pore length 3 nm) 
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Fig. 5 The profiles of anionic concentration along the pore axis (pH=7, Co=0.1 M, 
Vo=0.5 V, pore radius 2 nm) 
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Fig. 7 Radial potential profiles at z = 1.5 nm, for various pore radii (parameters in 
plot). Applied potential 0.5 V, pH 7.0 bulk solution free of boric acid, NaCl 
concentration 0.1 M, pore length 3 nm. Solid lines calculated with full model, dashed 
lines with radially one-dimensional model with uniform relative permittivity. 
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Fig.7 shows the radial potential profiles at a depth of one-half the pore length (z = 1.5 
nm), for the simulation of Fig.6. The profiles generated by the two-dimensional model are 
compared with ones predicted by a radially one-dimensional model assuming constant 
relative permittivity, and with the same local wall surface charge density as in the two-
dimensional model. It should be noted here that variable relative permittivity has no 
significant effect on potential profiles here, due to the low electric field in the mid-pore 
region. According to Fig.7, when the pore radius is smaller than 2 nm, the profiles generated 
by the two-dimensional model agree with those generated by corresponding radially one-
dimensional model. Thus, we can conclude that for a narrow pore, the potential around mid-
pore region can be described by a one-dimensional model regardless of the boundary 
conditions at the pore ends. The local wall surface can approximately balance the ionic space 
charge in the adjacent solution. Also, for pores with smaller radii and hence larger surface-
volume ratios, the potential shifts to higher values, in order to increase the concentration of 
negative ionic space charge. When the pore radius exceeds the Debye length, for example 2 
nm and 3 nm pore radii, the profiles from the two models diverge around the mid-pore. Since 
this region is shielded from the wall charge by the ions close to the pore wall, it is influenced 
by the potential at the pore bottom. 
Effects of pH and Borate Adsorption. - The foregoing description of the pore 
potential distribution facilitates interpretation of the effects due to proton and anion 
adsorption, which are described in this section. 
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For solutions without borate, the pH controls the surface charge density due to proton 
adsorption on the wall. The value of pH at the point of zero charge in this system is 9.2 18. 
The addition of boric acid significantly affects the electrical potential profile by decreasing 
the surface charge density due to the adsorption of borate species. Because boric acid is weak 
acid, the concentration of borate ions is very small, so there is no significant contribution 
from their space charge. The equilibrium concentrations of ionic species from dissociation of 
boric acid are listed in Table 2. Figs.8-11 illustrate the simulation results for pH 5.0 and 7.0 
solutions, each with three different boric acid concentrations. 
Table 2 Concentration of Ions Formed by Dissociation of Boric Acid 
Bulk pH Added [HB03] (M) [B(OH)4-] (mM) [B303(0H)4-] (nM) 
5.0 0.10 0.01 0.014 
5.0 0.70 0.069 0.47 
7.0 0.010 0.099 0.0014 
7.0 0.075 0.73 0.55 
Figure 8 shows the electrical potential profiles at different borate concentration. As 
the boric acid concentration is increased, the potential decreases. The increased anion 
adsorption at higher acid concentration causes the pore wall charge density to be less 
positive, and hence the potential, which controls the compensating solution space charge 
concentration, is reduced. The results show at [B] = 0.075 M, there is a flat potential 
distribution near pore mouth, since the net adsorbed charge is zero. This total concentration 
of borate corresponds to the pzc condition18. 
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(pH=7, Co=0.1 M, Vo-0.1 V, pore radius 1 nm) 
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Fig. 11 The average anion concentration profiles for borate different concentrations (pH = 5, 
Co=0.1 M, Vo=0.1 V, pore radius 1 nm) 
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Fig.9 illustrates the effect of boric acid on the chloride concentration profile at pH 
7.0. The addition of boric acid, even at the low concentration, results in a low concentration 
of chloride anion within the pore . Without addition of borate, the average anion 
concentration could be as high as 1.4 M in the pore, while the bulk concentration outside the 
pore is 0.1 M. In effect, the adsorption of borate ions prevents the unabsorbed chloride anion 
from entering the pore. Fig. 10 shows surface charge density profiles for a pore with 
different borate concentration. 
Fig. 11 shows that at pH 5, the effect of boric acid addition on the chloride 
concentration is qualitatively as at pH 7. Since pH 5 is farther away than pH 7 from pH of 
zero charge, the wall surface charge is more positive in the case of no boric acid. Due to the 
enhanced proton adsorption at pH 5, a higher boric acid concentration of 0.7 M is necessary 
to lead to low concentration of chloride, compared to 0.075 M at pH 7.0. However, as Table 
2 shows, despite the relatively high concentrations of undissociated boric acid, the expulsion 
of chloride ions from the pores is accomplished by low concentrations of the specifically 
adsorbed anions derived from boric acid. 
The implication of the results from Figs.8 and 9, that additions of specifically 
adsorbing anions can dramatically reduce the chloride concentration in nanopores within 
oxide surface films, is significant from a corrosion perspective. Even when adsorbing anion 
concentrations are at the order of 10~3 M or smaller, they can successfully block chloride ions 
entering the nanopores. This is to say, the charge associated with chloride ions in the pore 
solution is replaced by the specifically adsorbed anions on the pore walls. The nanopore can 
be considered as a defect in a corrosion protective film, so this blocking effect is beneficial 
because it can minimize aggressive chloride ions' attacking any metal surface exposed at the 
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base of the pore. Thus, this blocking effect provides a possible mechanism in which anions 
such as borate, which strongly adsorb on the protective films, can function as corrosion 
inhibitors. 
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CONCLUSIONS 
In order to investigate the possible roles of nanopores and solution composition in the 
breakdown of oxide protective film, numerical simulations were carried out using a modified 
Poisson-Boltzmann equation which incorporated field-dependent dielectric constant, solvation 
energy and finite ion size. The method compared to Monte Carlo simulation results from the 
literature, in order to support the approximate description of ions as point charges. 
The example system considered was a nanopore in an oxide film on aluminum. The 
bulk solution contained sodium chloride and sodium borate. The effects of pore geometry and 
axial field on pore composition were explored, as well as those of pH and borate concentration. 
The effects of pore walls were found to be significant when the pore diameter is less than twice 
the Debye length, about 2 nm for the conditions of the present calculations. In this case, the 
potential distribution and composition in the pores are largely controlled by ionic adsorption on 
the walls, and are weakly influenced by the potential drop through the surface film. 
Because of the important influence of pore wall surface charge on the pore solution 
composition, it was found that adsorption of borate anions on the oxide, even at very low bulk 
concentrations, can significantly block chloride ions' entering into the pore. This effect suggests 
a corrosion inhibition mechanism for such adsorbing anions. 
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THE LIST OF SYMBOLS 
Ai hydration constant, J/kmol 
a,. activity of species i 
a ion diameter 
Cd double layer capacity, 
cib bulk concentration of ion i, kmol/m3 of solution 
e charge of one electron 
E electric field, V/m 
F Faraday's constant, 9.6487 * 107 C/kequiv 
Ns reactive adsorption site density 
n solvent (water) refractive index 
R pore radius, m 
ri radius of ion i 
r pore radial coordinate, m 
T temperature, K 
U; total potential energy of the ith ion, J 
zi charge number 
K solvent relative permittivity 
( f )  electric potential, V 
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p charge density of ions in solution, C/m3 
vaccum permitivity, 8.8542 x 10"12 farad/m 
k Boltzmann constant, 1.380 x 10"23 J/K 
Kb solvent relative permittivity in bulk solution 
/?,. adsorption equilibrium constant of reaction i 
crs surface charge density, C/m2 
jU° standard chemical potential of species i 
6i surface fractional coverage of species i 
61 
REFERENCES 
1. G.M.Brown, K.Shimizu, K.Kobayashi, G.E.Thompson, and G.C.Wood, Corros. Sci., 33, 
1371 (1992) 
2. G.M.Brown, K.Shimizu, K.Kobayashi, G.E.Thompson, and G.C.Wood, Corros. Sci., 34, 
1045 (1993) 
3. N. Xu, G.E.Thompson, J.L.Dawson, and G.C.Wood, Corros. Sci., 34, 461 (1993) 
4. K. Shimizu, G.M. Brown, K. Kobayashi, P. Skeldon, G.E. Thompson, G.C. Wood, 
Corros. Sci., 40 (7), 1377 (1995) 
5. H. Bohni, in "Corrosion Mechanisms", F.Mansfeld, Editor, P.285-323, Marcel Dekker, 
Basel, New York(1987) 
6. W.Y.Lo, K.Y.Chan, Molecular Physics, 86(4),745(1995) 
7. Cwirko, Eleanor H, Carbonell, Ruben G., J. Membrane Sci., 67, n 2-3, 211 (1992) 
8. Gilanyi, Tabor, Varga Imre, Langmuir, 14(26), 7397(1998) 
9. Peter W. Pintauro and M.W.Verbrugge, J. Membrane Sci., 44, (1978) 
10. Bowen, W. Richard, Williams, Paul M., Biotechnology and Bioengineering, 50(2), 125 
11. J. R. Bontha and P. N. Pintauro, Chem. Eng. Sci., 49, 3835 (1994). 
12. Y. Yang and P. N. Pintauro, AIChE J„ 46, 1177 (2000). 
13. Y. Gur, I. Ravina, and A. J. Babchin, J. Colloid Interface Sci., 64,333 (1978). 
14. P. N. Pintauro and M. W. Verbrugge, J. Membrane Sci., 44, 197 (1989). 
15. F. Booth, J. Chem. Phys., 19, 391 (1951). 
16. Y. Gur, I. Ravina, and A. J. Babchin, J. Colloid Interface Sci., 64, 333 (1978). 
17. J. Newman, Electrochemical Systems, Chapter 7, Prentice-Hall, Englewood Cliffs, NJ 
62 
(1991). 
18. R.S.Alwitt, J. Colloid Interface Sci., 10, 195 (1972) 
19. T.Hiemsta, w.H.Van Riemsdijk and M.G.M. Bruggenwert, Netherlands Journal of 
Agriculture Science, 35, 281 (1987) 
20.1. Klapper, R. Hagstrom, R. Fine, and B. Honig, Proteins: Struct., Funct., Genet. 1,47 
(1986). 
21. A. Nicholls and B. Honig, J. Comput. Chem., 12, 435 (1991). 
22. T.S. Sorenson and Peter Sloth, J. Chem. Soc. Faraday Trans., 88(4), 571 (1992) 
23. M. Lee and K.-Y. Chan, Chem. Phys. Lett., 275, 56(1992) 
24. B. Hribar, V. Vlachy, L.B. Bhuiyan, and C.W. Outhwaite, J. Phys. Chem. B., 104, 11522 
(2002) 
63 
Behavior of Near-Surface Voids in Aluminum During Anodic Oxidation 
Renchun Huang,3'* Kurt R. Hebert,3'** and L. Scott Chumbley b 
3 Department of Chemical Engineering, Iowa State University, Ames, IA 50011 
b Ames Laboratory - USDOE and Department of Materials Science and Engineering, Iowa 
State University, Ames, IA 50011 
Submitted to the Journal of the Electrochemical Society 
* Electrochemical Society Student Member 
** Electrochemical Society Active Member 
64 
ABSTRACT 
High-purity aluminum foils were investigated using Transmission Electron 
Microscopy (TEM) and Atomic Force Microscopy (AFM), after dissolution for various times 
in 1 M NaOH at room temperature and anodic oxidation for different voltages in borate 
buffer solution. The characteristics of circular voids presented in TEM images are found to 
be similar to those of cavities revealed by oxide stripping and viewed with AFM. It is 
concluded that c avities are voids. Voids in anodized films with NaOH treatment are very 
different from those in anodized films of as-received foils. It indicates that pre-conditions of 
subsurface voids in the metal determine the behavior of void formation during oxidation. The 
vertical profiles of voids in the oxide film are obtained and voids are hardly found in the 
outer 40% part of the oxide films. Void concentrations show small variation in the inner 60% 
part. This result demonstrated that voids are apparently formed at the metal-film interface 
during anodic oxide growth, likely as a result of the oxidation of metal atoms. Void 
concentration was also found to change with NaOH pretreatment time. The behavior was the 
same as that for cavities on the metal prior to anodization. All the above results strongly 
suggested a mechanism of void regeneration at the interface between metal and oxide. 
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INTRODUCTION 
The mechanism of corrosion pit initiation on metals has not been well known for 
many years. Identification of the sites where pits form during corrosion or etching is of 
practical significance since cracks frequently initiate from pits. In previous studies,1'2 
Doppler-broadening Positron Annihilation Spectroscopy (PAS) was used to identify 
microvoids at the oxide-metal interface in aluminum foils, either in the as -annealed 
condition or after sodium hydroxide or phosphoric acid dissolution. Cavities of 50-100 nm 
size were viewed by Atomic Force Microscopy (AFM) after the thin surface oxide film was 
chemically stripped in chromic-phosphoric acid bath. These cavities were found to have 
similar morphology, size, and surface distribution as pits produced by anodic etching. The 
characteristics of the cavities viewed by AFM were compared with those of PAS-detected 
voids. It was found that the average cavity depth and the defect layer thickness calculated 
from PAS measurements were nearly the same. The fractional surface area covered by 
cavities and the PAS model defect layer S parameter also changed with pretreatment time in 
the same manner. The S parameter is proportional to the void fraction in the defect layer. 
These quantitatively comparable characteristics suggest that the cavities and PAS-detected 
voids are strongly correlated. These results suggest strong evidence for near-surface voids, 
and that they may serve as pitting sites. 
However, the fact that a certain period of stripping time is needed to reveal cavities 
by AFM indicates that the original metal voids were enlarged by dissolution. Also, PAS 
gives no direct information about void size, shape and surface distribution. We cannot 
determine from PAS whether those near surface voids are associated with micro-segregated 
impurity clusters, micro-structural defects such as dislocations, interface defects such as 
oxide inclusions, or topographic features such as ridges. So further confirmation with another 
imaging technique is necessary and important. Transmission Electron Microscopy (TEM) 
can directly image nanoscale features and is possibly a good alternative. Thompson et al3 5 
used cross-sectional TEM to carry out extensive studies of anodic film growth on aluminum 
and its alloys. 
Ono et al,6'7 and Shimizu and co-workers,8 used transmission electron microscopy to 
identify voids in anodic films on aluminum. Void formation during oxidation was found to 
be very dependent on the metal substrate. They detected strings of voids along the depth of 
the oxide film, arising from nanoscale ridges. Macdonald 9 interpreted Ono's result using a 
regeneration mechanism in which void regenerates at microscopic asperities at the interface 
when the old void dissolves into the oxide at the same position. These results suggest that a 
detailed description of void features such as size, morphology, and its depth profile in the 
anodic oxide films can be used to infer those of near surface voids on the metal substrate if 
oxide voids originate from metallic voids. In addition the mechanism of void formation in the 
interface during oxidation can be clarified. 
In this present study, we first anodically oxidized the high purity aluminum foils with 
different dissolution treatments, and then viewed the oxide film with AFM after it was 
chemically stripped layer by layer. This yielded detailed information about voids in oxide 
film. TEM was also used in this study to detect voids in the anodic oxide film after the 
aluminum substrate had been removed. The comparison of the results of AFM, TEM and 
PAS give us a clearer picture of the distribution of interfacial metal voids, and elucidate the 
mechanism of void formation. 
67 
EXPERIMENTAL 
The aluminum foils used in this work were manufactured for use in aluminum 
electrolytic capacitors (provided by Nippon Chemi-Con). The foils were 100 ^m thick with 
a typical grain size of 100 jam, and their nominal purity was 99.98%. The large grain size is 
due to extensive annealing after rolling, e. g. for 5-6 hr at 600°C.10 Impurities include Cr, 
Cu, Fe, Ga, Mg, Si and Zn with bulk concentrations of order 10 wt-ppm.11 
Foil specimens were treated in IN NaOH solution by immersion at open circuit for 
different lengths of time at room temperature. The treated samples were washed thoroughly 
with deionized water. Prior to anodic oxidation, the samples were dipped in IN HNO3 at 
ambient temperature for 1 minute, in order to avoid erratic anodizing behavior sometimes 
encountered on foils anodized directly after NaOH treatment. The nitric acid dip may 
eliminate a gel-like surface layer formed in NaOH. For consistency, foils which had received 
no NaOH treatment were also dipped in nitric acid prior to TEM or AFM observation. 
Anodic oxidation of the pre-treated samples was carried out in a borate buffer solution (pH 
8.5-8.7) at room temperature, at a constant applied current density of 2.5 m A/cm2. The 
current source was a potentiostat/galvanostat (EG&G PAR-273), and the counter electrode 
was a Pt wire. Anodic oxidation continued until attaining voltages of 27, 53, 80 and 106 V 
vs. the counter electrode. After anodizing the samples were rinsed thoroughly with deionized 
water. 
To prepare samples for TEM examination, the anodized foils were immersed in solutions of 
10 vol % bromine and 90 vol % methanol, until the aluminum metal was completely 
dissolved. The remaining oxide films were placed on copper grid holders for TEM. The 
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films as mounted on the grids were electron transparent so no further sample preparation was 
necessary. The samples were examined in a Philips CM30 operated at various voltages from 
100 KeV up to 300 KeV. Before anodization one side of the NaOH pre-treated samples was 
covered with lacquer to prevent it from being anodizing so that aluminum metal could be 
removed from this side 
For AFM imaging, anodized foils were cut into small pieces, which were partially 
stripped by immersion for different times up to 4 minutes in 5% H3PO4 at 80 °C. The 
stripped samples were washed in deionized water and dried in air before AFM imaging. In 
order to quantitatively determine the rate of film dissolution during stripping, partly stripped 
foils were re-anodized in borate buffer, during which the potential transients were recorded. 
As discussed in the Results section, the fraction of the oxide thickness removed during 
stripping could be inferred from these potential transients. AFM imaging was carried out in 
contact mode, using a 14 jxm scanner with Si cantilevers and a Si3N4 tip (Digital Instruments 
Nanoscope III). Each sample was imaged 4-5 times at different positions, using a typical 
scan area of 5 x 5 jam. The images presented here were further magnified by cropping and 
enlarging. 
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RESULTS AND DISCUSSION 
Anodic oxidation and transmission electron microscopy.- During anodizing both 
NaOH-treated and untreated foils, the potential increased at a constant rate of 1.1± 0.05 V/s. 
When the current efficiency for oxide film growth is 100%, the potential increases at the rate 
of approximately 1.15 V/s for applied current densities of about 2.5 mA/cm2.12 Using this 
value, the present potential-time slopes indicated current efficiencies of 95 - 100%. 
TEM images of 106 V anodic films, after dissolution of the aluminum substrate, are 
presented in Figs. 1-2. The film in Fig. 1 was formed on a foil which had been treated in 
NaOH for 5 min, while that in Fig. 2 had received no NaOH treatment. Selected area electron 
diffraction confirmed that the anodic films in both cases were amorphous. Numerous white 
features, roughly circular in shape, can be seen. No diffraction could be obtained from these 
features and close observation employing stereopair imaging confirmed that the features are 
holes through the thickness of the film and/or voids contained within the film itself. While 
voids appeared scattered throughout the sample, strings of voids were often seen, usually 
associated with slightly thicker regions of the film as indicated by the darker contrast running 
from the upper right corner to the lower left of Figure 1. The regions of slightly increased 
foil thickness occurred in fairly regular, and roughly parallel, bands and gave the general 
impression of rolling marks on sheet metal. 
In a population of 18 voids found in the sample with NaOH treatment, the void 
diameter was distributed about a mean of 42 nm with a standard deviation of 13 nm. The 
maximum and minimum diameters were 67 and 25 nm. After sampling 36 voids for the as-
received foil, the average void diameter was 76 nm with a standard deviation of 52 nm. The 
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Fig. 1 TEM images of anodic aluminum oxide film formed to 106V, on aluminum foil treated in 
NaOH for 5 min. (a) Low magnification, (b) High magnification. 
Fig. 2 TEM images of anodic aluminum oxide film formed to 106 V, on aluminum foil with no NaOH 
treatment, (a) Low magnification, (b) High magnification. 
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maximum and minimum diameters were 208 irai and 22 nm respectively. The noticeable 
difference of void size between in Fig.l and Fig.2. indicated the voids may be generated by 
different processes for samples with and without NaOH pretreatment. 
Chemical stripping of the anodic oxide film.- In order to assess the rate and 
uniformity of oxide dissolution in the phosphoric acid stripping bath, foils were re-anodized 
at constant current after partial oxide stripping. Potential-time curves during re-anodizing are 
shown in Fig. 3, for several samples with different NaOH treatment times. In all cases, the 
anodic film had been formed to 106 V and then stripped for 60 s. The final voltage of 110 V 
in the figure is the voltage limit of the power supply. For the samples with more than 1 
minute NaOH treatment, the potential jumped to 80 V within a short time of 4 s. The 
thickness of anodic alumina film is related to the forming voltage by a constant 
proportionality factor of about 1.4 nm/V.13 Thus, the abrupt slope change at 80 V indicates 
that chemical stripping reduced the oxide thickness to (80 V)/(106 V), or 75 % of its original 
thickness. The low slope of re-anodizing curves for samples without or short time NaOH 
treatment is interesting. When anodized, all samples behaved similarly, i.e. with current 
efficiency 95-100%. No such low slope was found for anodizing curve. This difference in 
slope indicates either the anodized films of different NaOH treatment films have very 
different structures and the stripping process affects the anodized film. 
For samples with NaOH treatment times shorter than 1 min, the slope of the initial 
potential rise to 80 V was reduced significantly, indicating a smaller initial conduction 
resistance compared to a 80 V barrier anodic film. The conduction resistance of the barrier 
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Fig. 3 Potential-time curves during re-anodizing aluminum after partial stripping of the anodic oxide 
film. Films were originally formed to 106 V, and then chemically stripped for 1 min in H3PO4. The 
parameter is the NaOH treatment time prior to the first anodization. 
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Fig. 4 The potential at the slope change during re-anodizing (see Fig. 3), vs. stripping time in H3PO4. 
Aluminum foils were treated in NaOH for 5 min, and then anodic films were formed to the indicated voltages. 
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film was apparently restored when the slope abruptly decreased to the common value of ~0.5 
V/s for all samples. However, the finding that this common slope was reached at the same 
potential of 80 V in all cases indicates that the overall film thickness did not increase during 
the period before the slope change, when the film conductivity was elevated. This suggests 
that the enhanced conductivity was not due to a homogeneous composition effect, such as the 
introduction of protons during immersion in the phosphoric acid stripping bath. Rather, it is 
consistent with the presence of pores in the film, which were filled with oxide during the 
initial stage of anodizing, until a uniform thickness was attained. This conclusion can be 
supported by TEM images in Fig. 2. Voids, as large as 200 nm, in anodized films may 
become electrolyte-filled conducting pores after stripping. More discussion about this will be 
given later. 
Film thinning during stripping is depicted in Fig. 4, in which the potential at the slope 
change during re-anodizing is plotted as a function of stripping time. Data for two anodic 
film thicknesses are given, for the same NaOH treatment time of 5 min. The linear decrease 
of potential shows that film thinning occurred uniformly and at a constant rate. Assuming a 
film thickness/voltage ratio of 1.4 nm/V, the stripping rate was approximately 35 nm/min, 
independent of initial film thickness. The re-anodizing voltage decreased linearly down to 
-1.5 V, after which is remained constant at this low value, indicating complete removal of 
the anodically formed oxide. The constant dissolution rate permitted the stripping time to be 
calibrated in term of film thickness; thus, the fraction of the film thickness removed is the 
ratio of the stripping time to the time for complete dissolution of the anodic film. The slow, 
uniform oxide dissolution during stripping indicates that it can be used in conjunction with 
AFM surface imaging, to determine the depth profiles of voids or other defects in the film. 
Because of the slow dissolution, enlargement of void size or distortion of shape by 
dissolution should be minimized. This expectation will be examined below by comparison of 
TEM and AFM results that will be shown later. 
AFM observations ofpartially stripped anodic films.- Oxide film surfaces after 
various stages of oxide stripping are shown in Fig.5 and Fig.6 for an as-received foil and one 
treated for 5 minutes NaOH, respectively. In Fig.5 AFM images after chemical stripping did 
not show the presence of pores. However, when the top portion of the anodic film was 
stripped, large cavities could be viewed. Similar cavities were found on 20 s NaOH treatment 
samples(in Fig.5b), but not on those treated for longer times. They correspond to the large 
cavities in the same films detected by TEM (Fig.2). It is very likely that they originated from 
large metallic voids in as received foils which were not eliminated by NaOH dissolution for 
short times. It is proposed that these voids were incorporated into the oxide during 
anodizing, and during which nanoscale pores formed in the outer part of the film, due to 
incomplete oxide coverage over the void. These pores, which presumably were too small to 
be viewed with AFM, connected the voids to the film's outer surface. The presence of 
electrolyte solution in the pores at the outset of re-anodizing accounts for the initially 
elevated conductance, as evident in Fig.3. 
For the images in Fig.6, a foil was treated in NaOH for 5 min, and anodized to 106 
V. When less than 40% of the anodic film had been dissolved, the surface morphology was 
unchanged by stripping. In particular, no open cavities could be found (Fig. 6 (a,b)). 
However, surface cavities were revealed after longer stripping times (Fig. 6 (c-f)). Those 
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Fig. 5 AFM images after partial stripping of anodic films, on foils with no NaOH treatment 
or 20 s treatment, (a) No NaOH treatment, 106 V film, 30 s stripping (13 % of oxide film 
thickness removed), (b) No NaOH treatment, 106 V film, 120 s stripping (50 % of oxide 
removed), (c) 20 s NaOH treatment, 80 V film, 60 s stripping (33 % of oxide removed), (d) 
20 s NaOH treatment, 80 V film, 75 s stripping (42 % of oxide removed). 
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Figure 6. AFM images after partial stripping of 106 V anodic films, on foils with 5 min 
NaOH treatment, showing effect of stripping time. Stripping times: (a) 40 s (17 % of oxide 
film thickness removed), height contrast 128 nm; (b) 90 s (38 % of oxide removed), height 
contrast 128 nm; (c) 120 s (50 % of oxide removed), height contrast 116 nm; (d) 150 s (63 % 
of oxide removed), height contrast 156 nm; (e) 180 s (75 % of oxide removed), height 
contrast 156 nm(f) 210 s (88 % of oxide removed), height contrast 147 nm. 
Fig. 7 Comparison of TEM image and AFM image of anodic aluminum oxide film 
formed to 106 V, on aluminum foil treated in NaOH for 5 min. (a) TEM; (b) AFM. 
106 V 
Fraction of Oxide Thickness 
Fig. 8 Cavity depth distributions in anodic films for foils with 5 min NaOH treatment. 
Parameter is forming voltage of anodic films. 
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Fig.9 AFM images after partial stripping of 80 V anodic films, on foils with NaOH 
treatment times of 1,2 and 15 min. (a) 1 min NaOH treatment, 90 s stripping (50 % of oxide 
film thickness removed), height contrast 158 nm. (b) 2 min NaOH treatment, 105 s stripping, 
(58 % of oxide removed), height contrast 158 nm. (c) 15 min NaOH treatment, 90 s stripping 
(50 % of oxide removed), height contrast 77 nm. (d) Curvature image of (c). 
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cavities are approximately circular. The average diameter of a population of-100 cavities 
was found to be 66 nm with a standard deviation of 18 nm. For a direct comparison, TEM 
and AFM images are presented side by side in Fig.7. Both images have same magnification. 
Voids in the AFM image were generally slightly larger than those in the TEM image. This 
small difference is believed to be generated by the stripping process. Theoretically, if 
phosphoric acid removes oxide uniformly in all directions, voids will be enlarged and appear 
shallow. Voids in AFM images preferentially distributed on the ridges. In TEM images, the 
bands of slightly increased foil thickness that seemed to be associated with the voids may in 
fact be the TEM manifestation of the ridges revealed by AFM. For example, the voids in 
Fig. 7(a) clearly are located in a thicker region of the sample along a line; this is a good 
indication that some common feature has determined the position of the voids. Considering 
the above comparisons, it is reasonable to conclude that the cavities which were revealed by 
stripping and then viewed with AFM are the voids presented in TEM images. 
Ono et al6 reported in a TEM experiment that the voids increase in size with 
increasing anodizing voltage. The voids had average diameter of 25 nm when formed at 40 
V, and 50-100 nm at 160 V. In this study, AFM images show no obvious change of void size 
with anodizing voltage. However, for the samples of 27 V anodizing voltage, it was very 
hard to find void on the surface. If their finding is also true for this study, voids at low 
voltage may be too small to detect. 
A large number of AFM images, like those in Fig. 6, were acquired on foils treated 
for 5 min in NaOH, for anodic forming voltages of 53, 80 and 106 V. For a given voltage, 
images after various stripping times were used to estimate the depth dependence of the 
number of voids per unit area. These estimates were based on about 4 images and 50 voids 
83 
at each stripping time. Fig. 8 presents the depth distributions as plots of void concentration 
vs. fraction of oxide film thickness removed. The plots clearly show that no voids were 
present in the top portion of the film, representing 40-50 % of its thickness. With the 
thickness-voltage ratio of 1.4 nm/V, this critical fractional thickness corresponds to widely 
different depths of 31, 47, and 74 nm for the three films in Fig. 8. Thus, the void distribution 
is correlated not with depth or stripping time, but with fractional thickness. The distribution 
would have been a function of stripping time if the voids were generated by the stripping 
process, which is not the case. This, along with detection of voids by TEM, further supports 
the assertion that voids were present in the anodic films before stripping. 
The critical fractional thickness of 0.4 - 0.5 can be explained by noting that the 
transport number of Al+3 ions in the anodic film has been found to be 0.4 l4. Accordingly, 40 
% of the film is formed at the film-solution interface and 60 % at the metal-film interface. 
This implies that at the outset of anodizing, the metal-film interface would have been located 
near the boundary between the void-containing and void-free regions in Fig. 6. During film 
growth, the interface then swept through the range of depths corresponding to the void-
containing layer in the figure. Therefore, voids are apparently formed at the metal-film 
interface during anodic oxide growth, likely as a result of the oxidation of metal atoms. 
In addition to generation by anodic oxidation, oxide voids may have also arisen from 
metallic voids created during the NaOH pretreatment, which prior to anodizing were present 
in a layer about 30 nm thick adjacent to the metal-film interface ',2. As this metal layer 
reacted to form oxide, these voids would have been incorporated into the film. For the 53, 80 
and 106 V anodic films, the thicknesses of the void-containing layers in Fig. 6 are roughly 
40, 70 and 80 nm, in each case larger than that of the defect layer in the metal before 
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anodizing. Hence, it is clear that oxide voids must be formed directly during anodizing, as 
well as possibly by incorporation of pre-existing metal voids. The relation between 
preexisting metal voids and oxide voids is considered in the next section. 
Dependence of void distribution on NaOH pretreatment time- The effect of NaOH 
treatment on voids in anodic films was examined, using a wide range of treatment times from 
zero to 30 min. As already mentioned, when the treatment time was less than 1 min, only 
large cavities were found in the anodic films after partial stripping (Fig.4). Fig. 9 shows a 
selection of images of partly stripped anodic films on samples with larger NaOH immersions 
of 1,2 and 15 min. In each case, the stripping times corresponded to fractional film removals 
of at least 0.5, and so the void-containing inner part of the film was exposed. In fact, each 
image shows a large number of voids of similar size and shape as those in Fig. 6. As shown 
in Figs. 9 (a,b), foil surfaces after 1 and 2 min treatments contain parallel ridges formed 
during rolling, ranging from 30-200 nm in height. Most of the voids on these samples are 
located near the tops of these ridges. After 15 min treatment, the parallel ridge topography 
has been removed by dissolution, and a new surface texture formed by the NaOH immersion 
is apparent (Fig. 9 (c)). This topography is composed of a mosaic pattern of scalloped 
depressions bordered by 10-100 nm high ridges. The image in Fig. 9 (d) was calculated from 
Fig. 9 (c) using image processing software {Image SXM)\ each point in Fig. 9 (d) represents 
the curvature of the corresponding point in Fig. 9 (c). The curvature image highlights these 
ridges and shows clearly that nearly all voids are located at tri-junction points where three 
ridges intersect. 
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Fig. 10 shows void depth distributions in anodic films on foils treated for 15 min in 
NaOH. The qualitative features of the distributions are similar to those in Fig. 8, in that the 
top portion of the film is void-free. High void concentrations are found at fractional depths 
greater than 0.42, as was the case in Fig. 8. However, low void concentrations are also found 
at depths of 0.22 - 0. 42 in Fig. 10, which was not the case for the 5 min NaOH treatment. 
Aside from this "tail" at small fractional thicknesses (Fig. 10), all the distributions for 
different treatment times showed an approximately uniform void concentration with depth. 
The uniform void depth distributions strongly confirmed the regeneration mechanism of void 
formation proposed by Macdonald 9. 
Comparing Fig. 8 and 10 also reveals a significantly higher void number density in 
the case of the 5 min treatment. For a number of treatment times, the average number 
density in the inner void-containing layer of the film was determined, and is plotted vs. 
treatment time in Fig. 11. The defect layer S parameter of NaOH treated foils without 
anodization vs. treatment time, which was from PAS experiments, is also plotted in the same 
graph. The defect layer S parameter Sd reflects variations of the metallic void volume in the 
defect layer and thus be correlated with void number, given that mean void size differ only 
slightly. Both void number density and S parameter show the same trend with NaOH 
treatment time. This result is evidence that voids in oxide films form from pre-existing voids 
in the metal. As already mentioned, oxide void formation continues beyond the point when 
all preexisting metallic voids have been incorporated into the oxide. The uniform void 
concentration in the inner film (Fig. 8 and 10) indicates that the concentration of pre-existing 
voids and those formed during oxidation are the same. This suggests a mechanism in which 
metallic voids form repeated at certain defect sites at the metal/film interface and then are 
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Fig. 10 Cavity depth distributions in anodic films for foils with 15 min NaOH treatment. 
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Fig. 11 Mean void number density in inner portion of anodic films (left axis), plotted vs. NaOH 
treatment time. Also shown on the right axis is the S parameter of positron annihilation radiation, for 
NaOH treated foils without anodic films. 
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incorporated into the film during subsequent anodizing. The formation of voids during 
anodizing was noted earlier by PAS.13 
After 1 min NaOH treatment, void number density and S parameter decrease with 
treatment time. This indicates dissolution can inhibit void formation as well as generate 
voids. One possible explanation is that the accumulation of metal impurities such as Cu on 
the surface may have effect on void formation. This topic will be discussed in detail in 
another paper. 
89 
CONCLUSIONS 
High-purity aluminum foils and their anodic films were investigated using TEM and 
AFM, in an effort to clear the mechanism of the formation of interfacial voids. Foils were 
treated with 1 M NaOH for times between 1 s and 30 min. TEM successfully detected 
circular voids with size of ~50 nm for some selected anodic films. Comparisons of 
morphology and size of voids presented in TEM images and cavities, which were reveal by 
oxide stripping in H3PO4 solution at 80 °C and viewed with AFM, indicated that cavities are 
voids. 
Both TEM and AFM images showed that voids in the anodized films of aluminum 
foils without NaOH treatment were very different from those in the film with NaOH 
treatment. The behavior of voids in oxide film was found very dependent on NaOH 
dissolution pretreatment which removes those relatively large preexisting voids but at the 
same time can generate small voids. 
The vertical profiles of voids in the oxide film were also obtained by a serial of AFM 
images of partially stripped film. The profiles showed that voids were hardly found in the 
outer 40% thickness of films. Most voids located in the inner 60% part of the films. Voids 
showed small variation in concentration in the inner part. This result demonstrated that voids 
are apparently formed at the metal-film interface during anodic oxide growth, likely as a 
result of the oxidation of metal atoms. Void concentration was also found to change with 
NaOH pretreatment time. The behavior was the same as that for cavities on the metal prior to 
anodization. All the above results strongly suggested a mechanism of void regeneration at the 
interface between metal and oxide. 
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ABSTRACT 
High purity aluminum foils of three different bulk purities (99.98% (3N), 99.997% 
(4N), and 99.9995% (5N)) were investigated using Positron Annihilation Spectroscopy 
(PAS) and Atomic Force Microscopy (AFM) after dissolution in 1 M NaOH for various 
times. The trend of defect layer S parameter vs. dissolution time was qualitatively the same 
for all three foils: S at first increased and then decreased with dissolution time. However, 
the time of the maximum S increased strongly with increasing bulk purity: 1 min for 3N, 15 
min for 4N and 30 min for 5N. AFM examination after oxide film stripping revealed surface 
cavities on all foils. The time dependence of the fractional surface area occupied by cavities 
exactly mirrored that of S, i. e. the times of maximum cavity area and S were the same. Mass 
balance and RBS simulation indicated Cu and Fe build up on the surface during dissolution 
in NaOH solution. The time dependences of S were found to be correlated with Cu buildup 
at the surface. The results showed that the accumulation of impurity on the surface affected 
the formation of interfacial voids. 
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INTRODUCTION 
Impurities such as copper and lead are found to have an important influence on the 
anodic etching of high purity aluminum foils for high voltage electrolytic capacitor1'2. These 
impurities strongly promote pit formation during etching. As a result their bulk 
concentrations are carefully controlled, copper at 20-50 ppm and lead at 1-10 ppm. Ashitaka 
et al3,4 investigated the behavior of impurities during electropolishing, etching, and 
anodizing surface treatments. These treatments promote metal oxidation and in this way are 
similar to pretreatments used prior to etching. Enrichments of copper were found beneath the 
oxide film. Such enrichments of impurities may play some roles in pit initiation of high 
purity aluminum. 
In previous works in this group 5'6, Positron Annihilation Spectroscopy (PAS) was 
used to detect near-surface voids 10-100 nm in size in 99.98% metals-based purity aluminum 
foils. The voids were in the metal, close to or adjoining the metal-oxide film interface. The 
internal surface of the voids was shown to be free of oxide, suggesting a high reactivity upon 
exposure during dissolution. Voids were present in as-received annealed foils, and were 
formed by dissolution processes such as caustic etching. Surface cavities were viewed using 
atomic force microscopy (AFM) after chemically stripping the oxide film, the geometric 
properties of which corresponded quantitatively with PAS measurements. Further, the sites 
and morphology of these cavities were similar to those of corrosion pits formed in HC1 
solutions, suggesting that voids act as pit sites. 
From the above results, it is conceivable that impurities play a role in void formation, 
since the interfacial voids can serve as pit sites, while impurities can affect the distribution of 
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pits formed during anodic etching. Wu and Hebert7 used Rutherford backscattering 
spectrometry (RBS) to analyze the surface composition of99.98% purity foils after 1 M 
NaOH dissolution treatment. The concentrations of iron, copper, and gallium accumulated at 
a constant rate during the treatment, within a layer no thicker than about 10 nm adjacent to 
the metal-oxide interface. Assuming no impurities were lost by dissolution, the dependence 
of the surface impurity concentration on time obeyed 
[1] 
where Cis is the surface concentration (atoms/cm2), C° the initial surface concentration, 
Vd the dissolution velocity (cm/min) and Cih the bulk concentration (atoms/cm3). The values 
of Cib determined from the Cis vs. t data were consistent with those expected from the 
overall foil purity. Bulk impurity concentrations were not measured in the earlier work. 
However, the result was consistent with retention of most or all impurities during dissolution, 
within the interfacial layer. 
In this study, PAS, AFM and RBS examinations were extended to higher purity 
aluminum foils to investigate the possible effect of impurities on void formation during 
dissolution processes. Measurements of S parameter and fractional area coverage of cavities 
were compared for the three foils as a function of caustic dissolution time. The result was 
correlated with the surface impurity concentration. 
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EXPERIMENTAL 
Aluminum foils of three different bulk purities (99.98% (3N), 99.997% (4N), and 
99.9995% (5N) ) were used. All foils were about 100 (im thick. 3N foils were provided by 
Nippon Chemi-Con. 4N and 5N foils were commercial products from Alfa. In the as-
received condition, 3N foils were annealed with a typical grain size of 100 jxm.4 4N and 5N 
foils were annealed at 550 °C for 6 hours and 10"7 Torr. 
Inductively Couple Plasma-Mass Spectrometry (ICP-MS) was used torneasure the 
bulk concentrations of impurities. Copper concentrations are 7.4, 3.9, and 0.8 wt ppm with 
standard deviations 3.1, 0.8, and 0.9 wt ppm for 3N, 4N, and 5N foil respectively. Fe 
concentrations are found to be 15.1, 4.4, and 14.2 wt ppm with standard deviations 8.7, 2.9, 
and 8.2 wt ppm for 3N, 4N, and 5N foil, respectively. The mass spectra used to calculate 
these concentrations were measured in medium-resolution mode to eliminate spectroscopic 
interferences. The calibration was performed using the known concentration of the 
aluminum matrix, and the ablation of a glass standard (NIST SRM 612) was used to correct 
for differences in sensitivity for Al, Fe, and Cu. The relatively large standard deviations may 
be caused partly by the variable nature of the laser ablation process (differences in laser focus 
and power vs. time), but largely reflect a heterogeneity of Fe and Cu in these aluminum 
samples. 
Dissolution of aluminum foils was carried out at room temperature aqueous IN 
NaOH solution at open circuit. The solution was not circulated during dissolution. The 
change of foil thickness with time was measured using a precision micrometer and then the 
97 
dissolution velocity Va was obtained. The dissolution velocities and 95% confidence interval 
were 140 ± 47 , 130 ± 29 and 73 ± 17 nm/min for 3N, 4N and 5N foil respectively. 
Positron Annihilation Spectroscopy (PAS) was used to detect near-surface voids in 
aluminum foils after NaOH dissolution. Positron measurements were conducted in a vacuum 
chamber at a pressure of about 10~7 Torr. A monoenergetic positron beam was produced by 
the 22Na source in the chamber. The beam implanted positrons within the sample at a mean 
depth given by 
zm=14.8Ebl-6 [2] 
where the mean depth zm is in units of nanometers and the beam energy Eh is in 
kiloelectronvolts. Spectra were compiled at typically 60 values of the beam energy ranging 
from 0.03 to 20 keV. At each energy, a Doppler-broadened gamma radiation spectrum was 
measured using a Ge detector mounted perpendicular to the beam direction. Each spectrum 
consisted of about 1*106 photon counts, with 6x105 counts in the annihilation photopeak 
around 511 keV. S and W parameters were calculated by the system software, to within an 
accuracy of 0.001. Further details of slow positron beam system characteristics are given by 
Lynn and Lutz.8 
Surface composition was measured with Rutherford Backscattering Spectroscopy 
(RBS). RBS analytical conditions were: He++ ion beam energy 2.275 MeV and normal 
detector angle 160°. AFM (Digital Instruments Nanoscope III) examination of foils was 
carried out in air and with contact mode. Prior to AFM observation, some NaOH treated foils 
were placed in solutions of chromic-phosphoric acid, in order to dissolve the surface oxide 
film. The chromic-phosphoric acid bath consisted of 2 wt % CrOg and 2 wt % H3PO4 at 
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85°C, and the immersion time of foils in it was typically 1 min. The metal dissolution rate in 
this solution was less than 4 nm/min, according to weight loss measurements. The scan sizes 
in most cases were 5 |am x 5 jam. This corresponded a magnification of 30,000. Analysis of 
the areas of cavities formed by dissolution was carried out using the Image SXM software 
application. 
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RESULTS AND DISCUSSION 
PAS measurements - Details of PAS measurements and simulation of PAS 
measurements were discussed in a previous paper. Fig. 1-3 shows the plots of the defect layer 
S parameter Sa vs. dissolution time for the 3N, 4N, and 5N foil samples respectively. The 
fractional cavity mouth area vs. dissolution time (see next section) was also plotted in the 
figure. The defect layer S parameter Sa reflects variations of the void volume in the defect 
layer and can thus be correlated with the fractional surface area intercepted by the voids. It 
can be noted from Figure 1 that Sa increases up to a maximum value and thereafter declines 
slowly. This implies the void concentration has its maximum value when dissolution time 
was 1 minute for 3N foil. Similarly, S parameters for 4N and 5N foil have peak values. The 
dissolution times at the maximum Sa for 4N and 5N foils are 15 and 30 minutes, 
respectively. This indicated higher purity foils need greater extent of dissolution to get to a 
maximum void concentration. As discussed below, this result may imply that accumulation 
of impurities in the near surface region played a role in void formation during dissolution. 
AFM topographic images during dissolution - Fig.4 shows three pairs of AFM top-
view images that revealed corresponding structures before and after chemically stripping in 
chromic-phosphoric acid. Fig.4a and 4b were for 3N foil samples with 15 minutes 
dissolution. Fig.4c and 4d for 4N foil samples with 30 minutes dissolution, Fig.4e and 4f for 
5N foils with 2 hours dissolution. The three pairs of images demonstrate 
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"scalloped" topography formed by caustic dissolution, consisting of shallow depression 
bounded by ridges. They clearly indicate that oxide stripping in chromic-phosphoric acid did 
not change the scallop and network structure, but a number of cavities were revealed. The 
chromic-phosphoric acid is believed to dissolve the oxide layer and suppress metal oxidation. 
The required stripping time for revealing cavities is typically 1 minute. Since the oxide film 
thickness is less than 3 nm and the dissolution rate is 30 nm/min, the time for dissolution of 
the film is approximately 0.1 min. Thus, some metal dissolution may have occurred to reveal 
cavities, suggesting they were buried beneath the thin oxide film. 
It can be seen that cell width for 4N was much larger than that for 3N foils, and 5N at 
least 2 times of that for 4N foils. The same result was obtained previously for chemical 
polishing and electropolishing treatments of aluminum.9 Cuff and Grant suggested that 
impurities were strongly elevated on ridges compared to the cell interior. If this were case, 
the fact that cavities revealed by AFM on the 3N and 4N foil samples located preferentially 
on or along the ridges could demonstrate the role of impurities in void formation. However, 
Fig.4f for 5N foils showed no such preference. 
The topography of AFM images, either with or without oxide stripping, showed 
similar trends with dissolution time. With the process of dissolution proceeding, scalloped 
depressions surrounded by ridges were found for all three foils. Fig.5 shows a series of AFM 
top view images for 4N sample after dissolution of various time followed by chemically 
stripping in chromic-phosphoric acid. In the early stage, large and isolated cavities were 
revealed and the surface was roughened by dissolution. After 5 minutes, network started to 
be formed and cavities were seen to locate along the ridges preferentially. Fig. 6 shows 
selected AFM images for 5N foils. AFM images indicate that for 5N foils it takes 
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Fig. 4 AFM images for foils before and after oxide stripping, (a) 3N foil, 900s in NaOH, 
height contrast 105 nm; (b) 3N foil, 900s in NaOH , followed by oxide stripping, height 
contrast 100 nm; (c) 4N foil, 1800s in NaOH, height contrast 130 nm; (d) 4N foil, 1800s in 
NaOH, followed by oxide stripping, height contrast 133 nm; (e) 5N foil, 7200s in NaOH; 
height contrast 133 nm (f) 5N foil, 7200s in NaOH, followed by oxide stripping, height 
contrast 260 nm. 
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Fig. 5 AFM images after dissolution of 4N foils in 1 M NaOH for various times, followed 
by oxide film stripping in chromic-phosphoric Top view acid bath, (a) 300s in NaOH; (b) 
900s in NaOH; (c) 1800s in NaOH; (d) 5400s in NaOH. 
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Fig. 6 AFM images after dissolution of 5N foils in 1 M NaOH for various times, followed 
by oxide film stripping in chromic-phosphoric Top view acid bath, (a) 900s in NaOH; (b) 
1800s in NaOH; (c) 3600s in NaOH; (d) 7200s in NaOH. 
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Fig. 7 AFM images of foils etched in mixed 1 M HC1 - 6 M H2SO4 bath at 90 °C for 5 s, at 
applied current density of 0.3 A/cm2, (a) 3N foil, 30 min NaOH pretreatment; (b) 4N foil, 30 
min NaOH; (c) 5N foil, 30 Min NaOH. 
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much longer dissolution time to form scalloped network topography. The minimum time for 
the appearance of the scallop topography for 5N foils was 15 min. The minimum time for the 
scallop topography on 3N foils was 5 min. 
For all three kinds of foils, the fractional cavity mouth area shows the same transient 
change with dissolution time as does Sd (Fig. 1-3). The peak times are exactly the same as 
those for S parameter. This result is evidence that voids and cavities revealed by chemical 
stripping are correlated. As pointed out earlier, the cavities are believed to have a direct 
relationship with corrosion pits formed by etching in HC1 solution. Fig.7 shows AFM images 
of foils after etching in 1 M HC1 - 6 M H2SO4 bath at 90 °C for 5 s, at applied current density 
of 0.3 A/cm2. All of these three kinds of foils were pretreated by 30 min dissolution. The 
shape and distribution of the pits in these images are similar to those of cavities in Fig. 4a, 
5c, and 6b. 
Impurity Build-up During Dissolution and RBS Analysis - Impurity surface 
concentration can be calculated from the dissolution rate and bulk concentration if there is 
no impurity loss to solution (Eq.l). VdCibt approximates surface concentration change with 
dissolution time. For the 4N foil with NaOH treatment 15 min, the calculated value for Cu 
was 1.9 x 1013 atoms/cm2, for Fe was 2 x 1013 atoms/cm2. These times correspond to the 
maxima in Figs 2-3. For the 5N foil with NaOH treatment 30 min, the calculated value for 
Cu was 4.5 x 1012 atoms/cm2, Fe was 9 x 1013 atoms/cm2. 
RBS was used to characterize surface impurity concentration for the foil samples at 
these dissolution times. Simulations using RUMP software (Computer Graphic Service) were 
carried out in order to get quantitative information from the spectra about impurities. 
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Simulations were based on a layer model. The model assumed that the impurities were 
distributed uniformly within a thin layer of prescribed thickness. The value of thickness 10 
nm was chosen here, and the surface impurity concentrations VdCibt were divided by this 
thickness. Fig.8 and 9 display parts of the experimental spectra and simulated spectra. It can 
be seen that the theoretical spectra can reasonably predict the experimental spectra. In Fig.9, 
between Fe and Cu, Ni was also added into the layer model for a better simulated spectra. Ni 
was present in the bulk, according to the manufacturer's assay of impurities. From these 
simulations, the surface concentration of Cu was 2.14 x 1013 atoms/cm2, Fe was 3.55 x 1013 
atoms/cm2 for 4N foil. For 5N foil the simulated surface concentration of Cu was 8 x 1012 
atoms/cm2, Fe was 5 x 1013 atoms/cm2. Considering relatively large standard deviations of 
impurity bulk concentration measurement, the impurity surface concentrations from 
dissolution calculation and RBS simulation agree very well. This indicates that the 
assumption of impurity's build-up on the surface during dissolution, with no loss to solution, 
is valid. Thus, the surface concentration increase is roughly proportional to the impurity 
content of the metal and the thickness of metal removed by dissolution. 
Fig. 10 plots the defect layer S parameter vs. copper accumulation on the surface, 
expressed as the product of impurity bulk concentration, dissolution rate and dissolution 
time, i.e. VdCibt . The figure indicates the peaks for three foils converge in a small region. 
Fig. 11 shows the same plot for iron, but the peaks spread much widely than those for copper. 
Similar results can be obtained from Fig. 12 and 13, the plots of AFM fractional cavity area 
vs. . 
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Fig. 8 Portion of backscattering spectra with normal detector angle (160 °) for 4N foil after 
15 min dissolution in NaOH. The solid line is experimental spectrum and the dashed line the 
simulated spectrum. 
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Fig. 9 Portion of backscattering spectra with normal detector angle (160 °) for 5N foil after 
30 min dissolution in NaOH. The solid line is experimental spectrum and the dashed line the 
simulated spectrum. 
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The consistent behavior of Cu concentration at S peak for all three foils implied that 
Cu could inhibit void formation when its concentration arrives at a critical value of over 1013 
atoms/cm2. Caicedo-Martinez et al10 studied behavior of impurity and minor alloying 
element of aluminum during electropolishing, chemical polishing, and anodizing. The result 
suggested that copper can be oxidized above a surface concentration of 2xl014 atoms/cm2. In 
another study, Felhosi et al11 reported that void formation at alloy/metal interface was related 
to the Pilling-Bedworth Ratio. The Pilling-Bedworth ratio, PBR, of a metal oxide is defined 
as the ratio of the volume of the metal oxide, which is produced at the metal/film interface by 
the reaction of metal and oxygen, to the consumed metal volume. When PBR is less than 1, 
voids can be formed at the metal/film interface. For excessively large PBR, large 
compressive stresses are likely to exist in metal oxide, leading to buckling and spalling. 
Copper was believed to have a PBR greater than one, indicating that copper oxidation 
would not form voids. In fact, the excess oxide volume created upon copper oxidation would 
likely suppress void formation by other mechanisms. In Figs 10 and 12, the concentration of 
2xl014 atoms/cm2 for copper oxidation corresponds to the presence of very few voids and 
cavities. 
Zehe et al12, in their study of the effect of impurities on the void formation by 
electromigration in metallic alloy, found a semi-empirical rule: if the difference between the 
valence of the matrix metal and that of the alloying impurity is an even number, the 
formation of voids will be enhanced; otherwise, the process will be suppressed. They argued 
that impurities are necessary to bring the vacancies together (structural and Coulomb 
attraction). The probability of coalescence is suppressed for impurity atoms with additional 
electrons. Vacancies can partially trap these electrons and then the Coulomb barrier between 
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vacancies is increased. The difference of valency between Cu and A1 is two, so according to 
this rule, in A1 matrix the presence of Cu should cause a formation of voids. If this rule holds 
in dissolution of aluminum, it can be explained that S parameter increases in the early stage 
of dissolution, when the copper surface concentration is less than that required for Cu 
oxidation. This presumes that oxidation of other impurities can serve as a source of 
vacancies. When the concentration exceeds the critical value, interfacial voids may be 
inhibited by oxide formation. At the S maximum the Cu concentration is —1 x 1013 
atoms/cm2 less than the value of 2x1014 atoms/cm2 for Cu oxidation, but the local 
concentration of Cu at ridge may be significantly greater than 1 x 1013 atoms/cm2 and may 
be close to 2xl014 atoms/cm2.9 
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CONCLUSIONS 
High-purity aluminum foils of three metal-based purity, 99.98% (3N), 99.997% (4N) 
and 99.9995% (5N), were investigated using PAS and AFM after dissolution in 1 M NaOH 
solution. The PAS measurements were characterized by a near-surface defect layer with a 
annihilation line shape parameter S, whose value is proportional to its void concentration. 
The trend of S vs. dissolution time was qualitatively the same for all three foils: S at first 
increased and then decreased with dissolution time. However, the time of the maximum S 
increased strongly with increasing bulk purity: 1 min for 3N, 15 min for 4N and 30 min for 
5N. AlFM examination after oxide film stripping revealed surface cavities on all foils. The 
time dependence of the fractional surface area occupied by cavities exactly mirrored that of 
S, i. e. the times of maximum cavity area and S were the same. Dissolution calculation and 
RBS simulation indicates Cu and Fe build up on the surface during dissolution. The S peak 
was also found to converge in a small region in term of the extent of copper's accumulation 
on the surface for 3 foils. But iron didn't show the same behavior. The results showed that 
the creation of voids is sensitive to the bulk impurity content. 
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General Conclusions 
In this dissertation, numerical simulation was used to calculate the equilibrium 
solution compositions of cylindrical nanopores in surface oxide films as a step to evaluate 
their possible roles in the breakdown of protective oxide films. Additionally, the behavior of 
interfacial voids in aluminum and voids in aluminum oxide films, of interest as corrosion 
initiation sites, was investigated using Atomic Force Microscopy (AFM), Transmission 
Electron Microscopy, and Positron Annihilation Spectroscopy (PAS). 
In the first part of the thesis work, a modified Poisson-Boltzmann equation 
accounting for non-uniform ionic hydration energy and field-dependent dielectric constant 
was used to simulate the potential and ion concentration distributions in a nanopore. 
Comparison with Monte Carlo simulation demonstrated that the modified Poisson-
Boltzmann equation can reasonably describe the electric double layer in a nanopore, despite 
its treatment of ions as point charges. The solution composition of such nanopores is of 
interest from a corrosion perspective, since they play prominent roles in several mechanisms 
for the breakdown of passive films leading to pitting corrosion. The chemical composition 
of the pore solution would determine whether rapid dissolution at the pore could initiate. The 
effects of nanoscale pore dimensions, solution pH and adsorbing ion borate concentration on 
the solution composition in the pore were examined. For pores with radii smaller than 2-3 
times the Debye length, the potential distribution and composition of the pore are controlled 
by ionic adsorption on the pore walls, and are weakly influenced by the potential drop 
through the surface film. The presence of anions which strongly adsorb on the oxide can 
significantly block the entry of chloride ions into the pore. Chloride ions are usually required 
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for initiation of corrosion on the exposed metal surface. So this effect suggests a corrosion 
inhibition mechanism for such anions. 
In the second part of the thesis work, high-purity aluminum foils and their anodic 
films were investigated using TEM, AFM and PAS, in an effort to clarify the mechanism of 
the formation of interfacial voids. 
TEM successfully detected circular voids with size of -50 nm in anodic films. The 
morphology and size of voids in TEM images were compared to those of cavities, revealed in 
AFM images by partial stripping of the film in H3PO4 . The comparison indicated that the 
cavities and voids were the same features. The depth profiles of voids in the oxide film were 
also obtained from AFM images after different extents of oxide stripping. The profiles 
showed that by far most voids were located in the inner 60% part of the films. Since the 
oxygen transport number in alumina films is approximately 0.6, this result demonstrated that 
oxide voids are formed at the metal-film interface during anodic oxide growth, likely as a 
result of the oxidation of metal atoms. Oxidation creates metal atom vacancies which form 
metallic voids, and these metal voids are incorporated into the film during further film 
growth. The void concentration was also found to change with NaOH pretreatment time, in 
the same way as that of metallic voids present prior to anodization. Thus, the concentration 
of oxide voids is determined by that of metallic voids, suggesting that metallic voids are 
formed repeatedly at certain sites on the metal surface. 
The role of near-surface impurities in void formation was investigated through the use 
of high-purity aluminum foils of three metal-based purities, 99.98% (3N), 99.997% (4N) and 
99.9995% (5N). PAS and AFM measurements found that the trend of the characteristic 
122 
defect layer S parameter (Sa) vs. dissolution time in NaOH was qualitatively the same for all 
three foils: Sa, which is related to the void volume fraction in the defect-containing 
interfacial layer, at first increased and then decreased with dissolution time. RBS 
measurements after dissolution indicated that Cu and Fe impurities build up on the surface 
during dissolution and are not lost to solution. Sa peak was also found to correlate roughly 
with the copper surface concentration for all 3 foils. This suggested that formation and 
destruction of voids is controlled by copper impurities in the metal along the metal-film 
interface. No good correlation with the PAS measurements was found for the surface iron 
concentration. 
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